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ABSTRACT 
DEVELOPMENT OF AN EFFECTIVE BEHAVIORAL TECHNOLOGY FOR 
CONTROLLING FRUIT FLIES (DIPTERA: TEPHRITIDAE) 
FEBRUARY 1999 
XING PING HU, B.A., SHANDONG AGRICULTURAL UNIVERSITY 
M.S. SHANDONG AGRICULTURAL UNIVERSITY 
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
Directed by: Professor Ronald J. Prokopy 
The apple maggot fly, Rhagoletis pomonella (Walsh), is a serious dipteran 
(Diptera: Tephritidae) pest of apples in eastern and midwestem North America. 
Using controlled-release technology, a prototype novel biodegradable sphere 
designed for long-lasting residual effectiveness of feeding stimulant and insecticide has 
been created. The sphere body consists of 42-50% sugar entrapped in a mixture of 
gelatinized com flour and wheat flour in the presence of glycerin, and coated with a 
layer of latex paint containing insecticide. The sphere body serves as a slow-release 
sugar reservoir. The outer layer of paint serves as the insecticide carrier, prevents 
cracking of the sphere upon drying and creates a barrier to control the release of both 
sugar and insecticide. Tests have shown that even after 10 inches of rainfall, sufficient 
sugar is available at the sphere surface to stimulate fly feeding. Field trial showed 
Vlll 
Several newly registered orchard insecticides were evaluated to select more 
efficient and environmentally benign toxicants to replace the dangerous dimethoate on 
spheres. First, the lethal and sublethal toxicity and the effects of tree sprays of the new 
insecticide imidacloprid on apple maggot flies were investigated. Females tested in the 
laboratory showed great mortality and reduced fecundity regardless of whether exposure 
was by oral or by surface contact. However, foliar sprays resulted neither in significant 
mortality nor reduced fecundity over a 7-day period. Secondly, technical-grade or 
formulated insecticides were incorporated in sphere coating mixtures and evaluated for 
acute toxicity and residual effectiveness in laboratory, semi-field and field experiments. 
Results indicated that imidacloprid is a promising substitute for dimethoate as a fly 
killing agent on spheres. A wettable powder formulation of imidacloprid (Merit) 
proved better than a flowable formulation (Provado) in terms of residual efficacy. 
The effects of imidacloprid-treated biodegradable spheres on post-alighting 
behavior of Mediterranean fruit fly females, Ceratitis capitata (Wiedemann), were 
investigated. Females feeding on imidacloprid-treated spheres exhibited very little 
tendency to forage within host plants or to lay eggs before dying, compared with 
females tested on dimethoate-treated spheres and control spheres. 
Phagostimulatory effects of various pH values of sucrose (feeding stimulant) on 
apple maggot adults were studied in the laboratory. The sucrose pH shown to stimulate 
maximal feeding response was 6.4, with little feeding occurring at pH values of 5.0 or 
less and 8.0 or greater. Males were more responsive to varying pH than females. Such 
information is relevant to formulation improvements of coating mixtures of sucrose and 
insecticide applied to lethal spheres as part of tephritid fly control programs. 
IX 
Future studies will focus on solving problems associated with microorganisms 
and wild animals, to widespread commercial use of this simpler, behavioral approach to 
controlling apple maggot flies. 
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CHAPTER I 
INTRODUCTION 
Worldwide, there are several hundred species of fruit flies that are major pests of 
commercial and homegrown fruit. The apple maggot fly, Rhagoletis pomonella 
(Walsh), is one of the most damaging summer pests and present in all regions where 
apples are grown in this country (AliNiazee 1988). Apples are among the most widely 
grown and economically valuable crops in the United States, with an estimated annual 
production of about 250 million bushels, valued at nearly 3 billion dollars. R. 
pomonella is native to North America and its original host is the fruit of native large 
hawthorns {Crataegus spp.). Approximately 150 years ago, this pest expanded its host 
range onto cultivated apples, a fruit introduced to North America from Europe during 
the colonial period (Prokopy and Bush 1993). To a lesser extent, apple maggot flies 
also infest cherries, plums, apricots and pears. 
The apple maggot overwinters as a pupa in soil beneath host trees (mainly apple 
and hawthorn) and emerges as an adult in June. After feeding for a week on bird 
droppings, insect excrement and other resources, it becomes mature and is ready to lay 
eggs, which average about 300 per female. At this point, it is highly prone to leave the 
area where it emerged and to immigrate from considerable distances (up to a mile) into 
apple orchards. There it searches for fruit to deposit eggs individually through the skin 
of the fruit into the flesh. Egglaying occurs primarily during July and August but can 
extend into harvest time in September. Larvae hatch from the eggs and worm their way 
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about the flesh of the fruit, leaving brown trails of decay in their wake that eventually 
cause the fruit to fall from the tree. Pupation occurs after larvae exit the fallen fruit and 
burrow into the soil below the tree (Dean and Chapman 1973). 
If some form of control is not applied to apple trees, apple maggot can cause 
extensive injury. The greatest threat of apple maggot infestations to most commercial 
apple orchards comes from migration of adults from adjacent unmanaged host trees, 
hedgerows, woods and home yard trees (Prokopy et al. 1990a). For example, more than 
45,000 apple maggot flies were captured on traps set to intercept immigrating flies in a 
single 10-acre commercial apple orchard in Massachusetts in 1994, with numbers of 
captured maggot flies averaging about 6,000 per year across a 4-year period (1991- 
1994) in 10-acre blocks in 6 commercial orchards (Prokopy et al. 1996). Apple growers 
in affected regions annually apply an average of 3 organophosphate insecticide sprays in 
July and August to control apple maggot (Prokopy et al. 1990b). Apple maggot flies 
rarely emerge from within commercial orchards owing to sprays applied to control 
them. 
What are the potential alternatives to pesticide sprays for controlling apple 
maggot? Prokopy and Mason (1996) reviewed and concluded from the existing 
literature and their own experience that behavioral control using red spheres is the only 
alternative that has been demonstrated to have potential in providing commercial- 
orchard control virtually equal to that provided by insecticide sprays. That approach 
involves placing odor-baited, killing-agent-coated 8-cm red spheres (= highly attractive 
odor/visual mimics of apples) on perimeter apple trees in an orchard to intercept 
immigrating apple maggot flies, taking advantage of the resource-finding behaviors of 
2 
adult R. pomonella flies. Apple maggot flies are attracted to the spheres by the odor, 
color, and shape, which mimic host fruits. For the last two decades, red wooden spheres 
coated with sticky (e.g. Tangletrap®) as the agent for killing maggot flies that alight on 
such spheres have been used by several commercial growers and many homeowners to 
control apple maggot. This approach was also evaluated extensively in 10-acre blocks 
of 6 Massachusetts commercial apple orchards as a component of IPM programs 
(Prokopy et al. 1996). Although the results were highly encouraging, a serious 
drawback of sticky coated spheres is that they require substantial maintenance 
(including cleaning and re-treatment every two weeks) to maintain peak effectiveness 
(Duan and Prokopy 1992). The high labor and expense input associated with deploying 
and maintaining sphere effectiveness render this practice unappealing to apple growers 
in large commercial orchards. 
In response to this concern, Prokopy et al. (1990a) proposed an inexpensive 
alternative to sticky as a killing agent, which involves coating a sphere with a mixture of 
a toxicant, a fly feeding stimulant and the addition of an agent that extends the residual 
effectiveness of the mixture. The principle underlying using such insecticide-treated 
spheres was that alighting flies would be killed by insecticide residue either through 
direct tarsal contact (which would require a high dose of insecticide) and/or through 
ingestion of a lethal dose of insecticide together with feeding stimulant (which would 
require a much lower dose of insecticide). Duan and Prokopy (1995a) have developed a 
prototype toxicant-treated sphere coated with a mixture of 58.95% sucrose (the 
strongest feeding stimulant found), 1.05% (A.I.) of dimethoate (the most effective 
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orchard-labeled insecticide) and 40% red latex paint (the best insecticide-residue 
extending agent). It is highly effective initially but becomes ineffective after exposure 
to weather (rainfall) due to the loss of sucrose to rainfall (Duan and Prokopy 1995b). 
To protect sugar as feeding stimulant from the degrading effects of rainfall, three 
approaches have been investigated using red wooden or plastic spheres. The first 
approach places a protective cover above a sphere to prevent rainfall from contacting 
the sphere (Duan and Prokopy, 1995a). The second approach places a feeding stimulant 
and pesticide within a hollow, perforated sphere, thus offering protection from rain 
(Reynolds et al. 1996). The third approach places a feeding stimulant on the interior 
with the stimulant dispensed to the surface of the trap through a sponge (Reynolds et al. 
1996). Unfortunately, the protective cover strongly reduced numbers of flies alighting 
on the spheres and very few observed alighting flies entered trap holes or gained access 
to feeding stimulant and pesticide before leaving. None of the designs showed promise 
as an alternative to the developed prototype spheres. Therefore, future research efforts 
should be directed at increasing the residual effectiveness of exterior-coated pesticide- 
treated spheres through application of a residue extending substance to the sphere 
surface or developing novel sphere designs using slow-release technologies, to further 
widespread commercial use of this simpler behavioral approach to controlling apple 
maggot flies. At present, toxicant-treated spheres must be retreated with feeding 
stimulant (sugar solution) after each rainfall to ensure effectiveness (Duan and Prokopy 
1995b). Improvements upon the sphere efficacy are needed if spheres are to be feasible, 
have long-lasting activity, and be cost-effective for widespread commercial use. 
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In addition, dimethoate (an organophosphate) has been the insecticide used in 
latex paint on such spheres because no other insecticide (including organophosphates, 
carbamates and synthetic pyrethroids) is nearly as effective in killing apple maggot flies 
(Bancroft et al. 1974, Pree et al. 1976, Reissig et al. 1980, Duan and Prokopy 1995a). 
Because the high human toxicity poses a risk to the handler, dimethoate may soon lose 
it registration for orchard use (Personal communication with Benbrook Consulting 
Services, Sandpoint, IH). Cancellation of organophosphate insecticides for use against 
apple maggot flies will leave apple growers with no effective insecticide-spray means of 
preventing injury to fruit by this key pest. Among newly registered insecticides for 
apple orchard use, none has been evaluated for their effectiveness against apple maggot 
flies. Therefore, for long-term usefulness, there is need for a substitute for dimethoate 
that is similarly lethal to apple maggot flies but is more environmentally safe and less 
hazardous for handling by humans. 
Another tephritid, the Mediterranean fruit fly, Ceratitis capitata (Wiedemann), 
is an important pest of fruits and vegetables on several continents. A variety of traps 
has been developed for capturing C. capitata females and males (Heath et al. 1995), 
including sticky-coated fruit-mimicking sphere traps (Nakagawa et al. 1978, 
Cytrynowicz et al. 1982, Katsoyannos 1987, Katsoyannos and Hendrichs 1995). 
Yellow spheres have proved to be the most attractive colored spheres for C. capitata 
females, especially when 7 cm diam in size (Katsoyannos 1987). Pesticide-treated 
yellow spheres could have potential for controlling this pest. 
The overall objective of the research reported in this dissertation was to seek 
improvements on the existing toxicant-treated spheres so that they could become 
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environmentally safe, affordable, free of maintenance and easy to employ for 
controlling fruit flies, particularly apple maggot. 
Chapter 2 concerns the development of a novel biodegradable sphere design 
using controlled-release technologies. The purpose of this study was to develop a 
prototype new approach to constructing spheres that would preserve residual activity of 
fly feeding stimulant and toxicant under a wide range of environmental conditions, so as 
to gain long-lasting sphere efficacy for fly control. Chapters 3, 4 and 5 focus on seeking 
more efficient and environmentally benign toxicants to replace the dangerous 
dimethoate on toxicant-treated spheres so that lure -kill spheres could become 
acceptable for use in commercial orchards. Studies in chapter 3 were designed to 
evaluate the lethal and sublethal effects of laboratory-applied and field-sprayed 
imidacloprid (a newly orchard-labeled insecticide) on apple maggot fly females. 
Studies in chapter 4 evaluated the acute toxicity of 5 technical-grade insecticides from 4 
different classes to fly females for the purpose of selecting an efficient and 
environmentally benign toxicant for using on such spheres. Also addressed is (a): the 
effectiveness of these insecticides in combination with latex paint and sucrose when 
applied to red spheres and (b): the optimization of formulation and dose of substitute 
insecticides for use on insecticide-treated spheres, and (c): the residual activity of such 
spheres after exposure to weather in an orchard. Studies in chapter 5 concern post¬ 
alighting behavior of fly females on imidacloprid-treated spheres. Due to constraints of 
fly availability, we chose to test female C. capitata flies for this purpose. The final 
study, in chapter 6, investigated the effects feeding stimulant pH on fly propensity to feed 
and sensitivity of different sexes to sucrose pH in relation to sucrose concentration. The 
6 
purpose of this study was to provide information on the optimum pH that should be 
maintained on pesticide-treated spheres to elicit the greatest level of fly ingestion of 
toxicant on the sphere surface. 
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CHAPTER 2 
CONTROLLED RELEASE OF SUGAR AND TOXICANT FROM A NOVEL 
DEVICE FOR CONTROLLING FRUIT FLIES (DIPTERA: TEPHRITIDAE) 
Abstract 
A novel biodegradable device, designed for long-lasting residual effectiveness of 
feeding stimulant (sugar) and insecticide (dimethoate) against apple maggot flies and 
other insects, was formulated. The device is an 8-cm diameter fruit-mimicking sphere, 
consisting of 42-50% sugar entrapped in a mixture of gelatinized com flour and wheat 
flour in the presence of glycerin, and coated with a layer of latex paint containing 
dimethoate and sugar. We found that the outer layer of paint prevents cracking of the 
sphere upon drying and creates a barrier to control the release of both sugar and 
dimethoate. Releases of each ingredient were screened first by chemical analysis and 
then by bioassays in the laboratory and in field cages against apple maggot flies. 
Chemical analysis demonstrated strong potential for controlled release of water-soluble 
feeding stimulant and water-insoluble insecticide measured as a function of the amount 
of rainfall and duration of exposure time. Field results showed greater than 70% 
insecticidal activity after 11 weeks of sphere exposure in an orchard. This device has 
the potential to be used for a variety of insect-control applications through manipulating 
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its shape, color and texture into forms known to be attractive to target insects, and by 
employing various toxicants designed to be effective against such insects. 
Key Words: Controlled-release, Sugar, Insecticide, Biodegradable Device, Pest Insect 
Control 
Introduction 
The use of a combination of feeding stimulant and toxicant as a tool for pest 
management has toxicological and ecological advantages over the use of conventional 
insecticide applications (Haniotakis et al. 1991). Such a combination has been 
effectively employed in several pest control programs (Landolt et al. 1991). In most 
cases, however, the short residual activity of active ingredients after exposure to a 
natural environment is a major impediment to extensive use (McGuire et al. 1996). 
Formulations that can protect the active components from environmental deterioration 
should contribute to a more widespread use of this type of approach (Trimnell and 
Shasha 1988, Riley 1983, Bommel and Fokkens 1989). 
The apple maggot fly, Rhagoletis pomonella (Walsh), is a major pest of apples 
in eastern and central North America. Recently, extensive research has led to the 
development of pesticide-treated wooden spheres, which could be considered as an 
alternative to conventional pesticide application or Tangletrap®-coated spheres for 
controlling apple maggot flies in commercial apple orchards (Duan and Prokopy 
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1995b). Such 8-cm wooden spheres are coated with a mixture of insecticide 
(dimethoate), sugar (sucrose and fructose) and latex paint. Red spheres, baited with 
synthetic food and/or fruit odor, visually mimic fruit host stimuli in both shape and dark 
color and are attractive to flies. The intent of using such spheres is to attract the flies to 
the sphere surface, where they are killed by insecticide residue through oral uptake and 
tarsal contact before they can cause injury to apples. Sugar (used hereafter to indicate 
sucrose and/or fructose) plays a critical role in maintaining sphere effectiveness by 
stimulating fly feeding response and enhancing fly ingestion of toxicant (Duan and 
Prokopy 1995a). A sugar concentration of at least 8% in coating mixture (w/w) should 
be maintained to provide consistent control of apple maggot flies (Duan and Prokopy 
1993). A latex paint is used as a pesticidal residue extending agent (Duan and Prokopy 
1995a). Latex paint is a general term used for water-based emulsion paints made with 
synthetic binders such as 100% acrylic, vinyl terpolymer or styrene acrylic (Schurr 
1981). It is a stable emulsion of polymers and pigment in water. A recent study 
demonstrated that Glidden® latex paint could prolong the residual activity of dimethoate 
over a period of more than two months, and revealed that it was just as safe to handle 
dimethoate-treated spheres as to handle apple foliage sprayed with a standard rate of 
dimethoate for apple maggot fly control (Hu et al. 1996). However, implementation of 
such spheres in commercial orchards is presently limited because of loss of sphere 
efficacy, largely due to loss of sugar as a result of washout by rainfall. Retreating 
spheres with a sucrose solution following each rainfall event restores sphere 
effectiveness but substantially increases cost, therefore making this approach 
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impractical for use in large commercial orchards. To eliminate the negative effect of 
rainfall, much effort has been applied toward developing pesticide-treated wooden 
spheres of alternate design. Until now, no design has proven more effective against 
apple maggot flies than originally designed wooden spheres (Hu et al. 1996, Duan and 
Prokopy 1992, Reynolds et al. 1996). Exploration of other substances to combine with 
(or to substitute for) latex paint to gain long-lasting activity of sugar also has proven to 
be ineffective (Hu et al. unpublished). 
Our research effort, therefore, has been directed at sustaining and enhancing the 
residual effectiveness of pesticide-treated spheres through developing a different 
controlled release system. Such a system should deliver both types of active ingredient 
(sugar and dimethoate) at slow but effective rates for a long period (e.g., 3 months) 
under natural environmental conditions in commercial orchards. 
We knew that latex paint was an excellent extending agent for dimethoate. We 
hypothesized that extended effectiveness of feeding stimulant might be achieved by 
replacing pure sucrose in the mixture with a sugar designed for slow release. Therefore, 
we initially synthesized a slow release system for sucrose by reacting sucrose and 
gelatinized com flour with sodium hydroxide followed by cross-linking with calcium 
chloride. Under these conditions, at least 3 products could be expected: a) Flour-Ca- 
Sucrose; b) Flour-Ca-Flour; and c) Sucrose-Ca-Sucrose. The linkage could also be 
intra-molecular, i.e., within the sucrose or within the flour molecules. The final product 
was a fine white powder, with a low water solubility and a pH of about 12. Tests 
revealed, however, that this pH was highly detrimental to fly feeding (Hu et al. 
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unpublished). Optimum sugar pH to elicit feeding by apple maggot flies is about 6 (Hu 
et al. unpublished). Also, the product was unstable under neutral or acid conditions. 
Although there are reports on successful formulations of controlled release of 
several water-soluble compounds (e.g. drugs, vitamin C, biocides) in the literature 
(Gutcho 1979), to gain slow release of sugar is particularly challenging due to its high 
water solubility. Johnson and Walters (1976) encapsulated sucrose in edible fat to 
partially substitute for pure powdered sucrose in a coating mixture in order to obtain a 
long-lasting sweet coconut product. However, to maintain the desired appearance and 
texture of the product, no more than 25% fat-encapsulated sucrose could be 
incorporated into the coating mixture. Many controlled sweetener/flavor release 
technologies have been developed for chewing gum manufacture (Zibel 1993, Wrigley 
1996). These technologies include coacervation, fat encapsulation and miscellaneous 
processes. The sweeteners suitable for these techniques are either less water soluble 
proteins or a blend of sugars. 
Starch and flour have been used successfully in research projects as matrices for 
the controlled release of bio-active agents to enhance the residual activity of herbicides, 
insecticides, microbial pesticides and fertilizers in pest management (McGuire et al. 
1994, Weissling et al. 1991, Shasha 1980, Wing et al. 1988). Flour-encapsulated 
pesticide can also be attached to solid fertilizer particles so that the release of both 
pesticide and fertilizer is controlled by the same agent (Shasha and Trimnell 1989). 
Such systems are not only relatively simple to formulate but also require no chemical 
modification of existing bio-active agents and are biodegradable (Trimnell et al. 1985). 
Exploration of biodegradable delivery systems is of great interest because of their 
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ability to break down after completion of function (Spenlehauer et al. 1988). The factor 
governing effectiveness in using flour or starch in controlled release applications is the 
ability of the amylase molecules to retrograde. Retrogradation is the formation of 
aggregates resulting from hydrogen bonding between hydroxyl groups of adjacent 
starch chains. By controlling the degree of retrogradation, one can control the release of 
bio-active agents from a non-chemically modified starch matrix. 
Our goal is to develop a device capable of providing effective control of apple 
maggot flies over the season long period of its activity (three months). In this study, our 
strategy was to incorporate sugar into a polymer matrix, thereby creating a sugar 
reservoir to combine with paint-encapsulated pesticide. We chose flour as the matrix 
material because of its encapsulating ability, abundance, low cost, and ease of handling. 
Materials and Methods 
Materials 
The matrix used for encapsulation of feeding stimulant consisted of 
pregelatinized com flour (#961, containing 10% moisture, Illinois Cereal Mills, Paris, 
IL), wheat flour (containing 10% moisture, commercial grade), and glycerin. Sucrose 
(granular sugar) and fructose syrup (Isosweet 100, containing 22% moisture, A.E. 
Staley, Decatur, IL) were used as fly feeding stimulants. The toxicant used was 
dimethoate [0,0-Dimethyl S-(N-methylcarbamoylmethyl) phosphorodithioate], an 
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emulsifiable concentrate (Cygon 400, Wilbur-Ellis Company, Fresno, CA). This 
insecticide was found to be the most effective orchard-labeled toxicant against apple 
maggot flies (8). Glidden® 100% Acrylic latex paints (Colonial red, Cleveland, OH), 
flat or gloss, were used as the residue-extending agents for dimethoate. Flat paint gave 
a surface that scattered light falling on it so as to be substantially free from sheen. Gloss 
paint offered a smooth and mirror-like surface. These products offered advantages of 
fast drying, good color retention and resistance to blistering. All formulations used in 
this study were prepared at the National Center for Agriculture Utilization Research. 
Preparation of Device 
The device used is illustrated in Fig. 1. Insect feeding stimulant (sugar) was 
encapsulated by formation of a suitable composite of sugar and flour (at least partially 
gelatinized). The matrix was coated with dimethoate suspended in latex paint. This 
design was intended to achieve desired insecticide and feeding stimulant release profiles 
and to take into consideration the hydrophobic characteristic of the insecticide and the 
hydrophilic nature of the feeding stimulant. The technique involves mixing the liquid 
with the solid matrix components, cooking in a microwave oven, shaping the cooked 
mixture as a sphere, drying in a regular oven and then coating the sphere with the 
paint/pesticide suspension. 
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Entrapment of Sugar in Flour Matrix-Sugar Reservoir 
Three different flour/sugar matrix formulations were tested. They were prepared 
as follows: 
A: 80 g sucrose were dissolved in 80 ml water that contained 2 g sodium 
bicarbonate. The mixture was heated to 80 °C and then 120 g pregelatinized com flour 
was added. The final sugar concentration (dry weight basis) was about 42%. 
B: 80 g sucrose were dissolved in a mixture containing 45 ml water and 20 ml 
glycerin, heated in a 1,000 watt microwave oven for 60 sec, after which 60 g 
pregelatinized com flour and 40 g wheat flour were added. The final sugar 
concentration (dry weight basis) was about 45%. 
C: 60 g sucrose were dissolved in 40 ml water, 20 ml glycerin and 55 ml 
fructose syrup. Pregelatinized com flour (50 g) and 50 g wheat flour were added, 
mixed, and heated in a 1,000 watt microwave oven on high setting for 40 sec. After 
being mixed again, this blend was heated for another 40 sec. The final sugar 
concentration (dry weight basis) was about 52%. 
For all formulations, the dough was allowed to cool to about 40 °C and a sphere 
was formed by hand. Each sphere was threaded with a wire to facilitate hanging. 
Entrapment of Dimethoate 
Initially, we conceived of the device as being one matrix, encapsulating both 
sugar and dimethoate in the carbohydrate body of the sphere. However, such a 
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formulation required a large amount of insecticide to obtain desired concentration of 
pesticide within the matrix body. Just as important, spheres of this type began to crack 
severely after periods of wetting and drying, leading to reduced attractiveness to flies 
and reduced feeding response of flies. To compensate for these shortcomings, gloss or 
flat latex paint (neutral pH) containing 0.5 wt % A.I. dimethoate (1.05% Digon) was 
applied on the sphere surface. This approach prevented sphere cracking as well as 
greatly reduced the amount of dimethoate needed. We chose the level of 0.5 wt % 
dimethoate in coating paint because prior work showed that this low dose could still 
provide about 70% fly kill after three months of exposure to weather. 
Effect of Rainfall on Release of Sugar and Dimethoate 
To measure the loss of fly feeding stimulant to rainfall, three spheres of each 
type (A, B and C above) were hung in a chamber that delivered artificial rainfall as a 
spray at a rate of 25.4 mm (1 inch) per hour at room temperature. This was done for 1 h 
per day over seven successive days, with 23 h of drying time between rainfall exposure 
events. Runoff from each device was collected in a container set beneath it and 
submitted to chemical analysis for percentage of sugar content. Amount of sugar 
released was quantified by a UV spectrophotometer (DU 50, Beckman) set at 480 nm 
using the method of Dubois (Dubios et al. 1956). The amount of dimethoate released 
was determined by the same procedure but using a Hewlett Packard 5970 Gas 
Chromatograph (ChemStation B 0.2 04 1989-1992) equipped with a 
nitrogen/phosphorus detector. The physical appearance of the spheres after each rainfall 
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event was recorded. The data were first analyzed using ANOVA to test for overall 
significance. Then statistical comparisons were made among formulations using least 
significant difference tests (Analytical software Statistix® 4.0). Accumulated 
percentages of sugar and dimethoate rinsed from each sphere type as a function of initial 
amount of each in the sphere under each amount of rainfall (transformed to square root) 
were described by linear regression models (Excel 5.0). 
Bioassays for Residual Effectiveness against Apple Maggot Flies 
Flies used in bioassays were of wild origin, allowed to emerge in laboratory 
cages, and were 10-15 days old when tested. 
In a preliminary experiment, bioassays were conducted in field cages to 
determine the effectiveness of spheres against apple maggot flies before and after 
exposure to rainfall. Three series of bioassays were conducted for each formulated 
sphere type. In all cases, a single sphere was hung on a potted non-fruiting apple tree 
(«1 m canopy diameter) in a screened field cage (3 x 3 x 3 m) covered with a tarpaulin 
to protect against rainfall and direct sunlight. For each series, 30 flies (15 males, 15 
females) were released individually onto each sphere and allowed to remain there up to 
10 min. Tested flies were kept in 30 x 30 x 30 cm aluminum screen/Plexiglas cages for 
24 h to assess mortality. Each cage was supplied with water and food. 
Spheres were also evaluated for effectiveness against apple maggot flies after 
various durations of exposure to environmental factors (Fig. 2). At the outset, 12 
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spheres of each formulated type and control spheres were hung from branches of apple 
trees at the Horticultural Research Center in Belchertown, MA in early July of both 
1995 and 1996. Every other week, 2 spheres of each type were brought to the 
laboratory for bioassay. Natural rainfall during each period was recorded with a rain 
gauge. Also, the physical appearance of each sphere was recorded. Residual 
effectiveness of each sphere type was evaluated using the bioassay described above. 
Control spheres were 8-cm wooden spheres coated with a mixture of 58.95% sucrose, 
40% latex paint and 1.05% Digon (0.5% A.I. dimethoate). Based on the results from 
1995, only spheres with high sugar concentration (52%) and coated with gloss paint 
were used for 1996 tests. Logistic regression analysis and odds ratios were used to 
determine important causes of loss of effectiveness of sugar and dimethoate (Statistix 
4.0). 
Results 
Device Designs 
Wheat flour and pregelatinized com flour were used to encapsulate sugar, 
stabilize structural appearance, and regulate degree of retrogradation. Glycerin and com 
syrup were used to minimize the amount of water used, which, if in excess, caused the 
spheres to crack. To be more economical, a core (made of solid material capable of 
being shaped and coated) may be used for the center of the device. For sample spheres 
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without a coating of latex paint, obvious cracks developed on the sphere surface upon 
drying following exposure to rainfall, whereas samples with a coating of latex paint 
remained intact for several months without cracking. Gloss latex paint provided a 
smoother sphere surface than flat paint and afforded better protection of the flour matrix 
against deterioration of rainfall. 
Analysis of Release Rate of Sugar and Dimethoate 
Both sugar and insecticide can diffuse through the latex layer and accumulate on 
the surface of a sphere at a relatively slow rate. Our data indicate that sugar loss from 
samples without a paint coating was significantly more rapid than from samples with a 
paint coating (F = 960, P < 0.0001) when exposed to simulated rainfall (Table 1). 
Release rates of sugar were determined from sample spheres with varying initial 
sugar loads. As expected, greater initial sugar loads permitted greater amount of sugar 
to be diffused from the device and washed away. For example, for spheres coated with 
the same type of gloss paint, spheres containing 52% sugar (Cl) lost sugar faster (slope: 
1.14 ± 0.03) than spheres containing 45% sugar (Bl, having a slope 0.92 ± 0.02). The 
steeper the slope, the stronger the relation between sugar loss and rainfall exposure and 
the faster the release rate of sugar. 
Sugar was released at different rates from formulations containing the same 
amount of sugar but coated with different types of latex paint. Formulation B spheres 
coated with flat paint (B2) lost sugar more rapidly as a function of amount of rainfall 
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(slope: 1.78 ±0.10) than formulation B spheres coated with gloss paint (Bl) (slope: 
0.96 ± 0.02). The data indicate that release rates of sugar from each formulation 
decreased as amount of rainfall increased. 
To determine the efficacy of latex paint in controlling the release rate of 
insecticide (dimethoate), dimethoate was homogeneously dispersed in different types of 
paint, which were brushed onto the sphere surface. The accumulated amount of 
dimethoate rinsed as a percentage of original amount in two types of latex paint, 
determined by GC analysis, is shown in Table 2. As with sugar, spheres coated with a 
gloss latex paint mixture (Bl) showed better controlled release of dimethoate (slope: 
0.26 ± 0.01) than spheres coated with a flat latex paint mixture (B2) (slope: 0.32 ± 
0.01). 
Bioassays for Residual Effectiveness against Apple Maggot Flies 
In a preliminary experiment, when bioassays were conducted before exposure to 
weather, all formulations of spheres showed excellent biological activity against apple 
maggot flies. However, after exposure to simulated rainfall, all spheres without a 
coating of latex paint developed severe cracks, rendering them unacceptable to flies. In 
contrast, sample spheres of formulations Bl and Cl (with a coating of gloss paint) and 
B2 (with a coating of flat paint) remained intact and maintained a smooth surface even 
after exposure to 177 mm of simulated rainfall. In regard to biological activity, more 
than 70% of alighting flies that fed on gloss paint-coated formulations of spheres 
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exposed to 177 mm rainfall died, indicating a relatively high level of feeding stimulant 
and insecticide present. 
These findings were confirmed by data shown in Fig. 2. Wooden spheres (i.e., 
control spheres) lost most of their activity after only one week of orchard exposure. Of 
the newly developed spheres, formulations coated with paint showed good residual 
activity for the entire 11-week test period. Data on uncoated spheres were not taken 
because cracks on the sphere surface made them unsuitable for fly feeding tests. 
Formulations used in 1995 consisted of 45% sugar and maintained 50-60% killing 
power after 11 weeks of environmental exposure (215 mm precipitation during this 
period). The formulation used in 1996 consisted of 52% sugar and maintained greater 
than 70% killing power after the same period of time (11 weeks), during which more 
rainfall occurred (238 mm). A logistic regression procedure was used to determine how 
sphere effectiveness was related to particular independent variables. Calculation of 
adjusted odds ratios based on logistic regression coefficients indicated that accumulated 
rainfall (odds ratio = 1.0, with 95% confidence interval of 0.9-1.1) was an important 
cause of loss of effectiveness compared with weeks of exposure (odds ratio < 0.8 with 
95% confidence interval of 0.5-1.1) for all spheres evaluated in 1995 and 1996. 
Retreating the samples with 16% sucrose solution at 11 weeks enhanced fly feeding 
response (> 95% flies fed more than 5 minutes), but only raised the level of fly 
mortality to about 75% in both 1995 and 1996. 
A few small cracks on the sphere surface developed toward the end of the test 
period, especially in those formulations coated with flat paint. The gloss paint was 
better at preventing cracking than flat paint. Cracked sphere surfaces resulted in 
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substantial sugar loss during rain and decreased efficacy. Moreover, microorganisms in 
nature began using the flour body as a growth medium, gradually resulting in 
degradation and disappearance of such spheres. 
Discussion 
A novel slow-release system was developed for delivering sugar (feeding 
stimulant) and insecticide at a controlled rate to compensate for loss over time of the 
ingredients when applied to 8-cm fruit-mimicking spheres designed to lure and kill 
insects. Glycerin was used because its high boiling point (290 °C), glycerin prevents 
cracking of sphere body and its water absorption lessens abrupt physical changes of 
sphere body due to the changing weather (rain and dry). Gloss paint as the outer layer 
provides better prevention against sphere cracking and longer residual activity of sugar 
and dimethoate than flat latex paint. 
There are two ways these ingredients can leave the sphere surface. The first is 
that both sugar and insecticide are ingested by apple maggot flies in the absence of rain, 
which leads to slight loss of both ingredients but demonstrates sphere effectiveness. 
The second is that both ingredients are washed off of spheres by rain, which ultimately 
reduces sphere effectiveness because of loss of ingredients. Since the solute is only 
physically entrapped within the flour matrix, release of sugar from the device could 
have occurred by dissolution followed by simple diffusion through the polymeric 
matrix. When the paint layer was added, it obstructed the exchange of water with sugar 
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and thus slowed the diffusion of sugar molecules through the surface coating to the 
sphere surface. As the exposure period and the amount of rainfall increased, amount of 
sugar available near the outer surface of the matrix decreased the diffusion path length 
for sugar within the matrix correspondingly increased. We speculate this should be the 
explanation for the decreasing release rate of sugar when the exposure to rainfall 
increased. 
Gloss latex paint permitted slow release of sugar from the flour body to the outer 
surface of the paint, allowed a slow release of the toxicant dimethoate from the paint 
and provided a better protection of sphere integrity. We speculated that this was so 
because gloss paint provided a smooth surface which reduced sugar diffusion through 
the layer, slowed down the dispersion of dimethoate over the layer and allowed less 
water to penetrate through the gloss paint coating into the flour body. Thus there was 
less physical change (swelling upon wetting, shrinking upon drying) leading to 
cracking. 
A control strategy using pesticide-treated spheres against apple maggot flies 
depends upon the amount of toxicant absorbed by alighting flies, which in turn depends 
on duration of fly feeding and residual amounts of both sugar and toxicant. Our goal is 
to develop a management tool that will provide season-long (at least 3 months) 
effectiveness of spheres to eliminate the cost of labor associated with maintaining 
current sticky-coated spheres, and minimize the interference of sphere maintenance with 
normal orchard operating schedules. When deployed under natural orchard conditions, 
spheres ideally ought to kill at least 70% of alighting flies. This is the approximate 
level of kill currently provided by sticky-coated red spheres one week after deployment 
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(Hu et al. 1996). Results in this study have shown this level of control for at least 11 
weeks. To further enhance sphere residual activity, more research needs to be done to 
optimize sugar and dimethoate content of the spheres so that residual effectiveness can 
be attained for a period greater than 11 weeks. 
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Table 2. Dimethoate rinsed (as a mean percentage of original amount in each 
sample + SEM1) during simulated rainfall tests 
Accumulated rainfall 
Formulation 25.4 mm 50.8 mm 76.2 mm 101.6 mm 
Bl2 0.80±0.01a 1.30±0.01a 1.76±0.01a 2.10±0.01a 
B23 1.01±0.01b 1.69±0.01b 2.20±0.01b 2.60±0.01b 
1. Values for mean percentages (± SEM) in a column followed by the same letter are not 
significantly different (P > 0.05) according to multiple comparison procedures based on LSD 
tests. 
2. Bl: sphere B coated with gloss red latex paint containing 0.5% dimethoate active ingredient; 
3. B2: sphere B coated with flat red latex paint containing 0.5% dimethoate active ingredient. 
Figure 1. Schematic diagram of the device 
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Figure 2. Residue effectiveness against apple maggot flies of dimethoate-treated red 
spheres weathered in a commercial apple orchard. The arrow (i) in graph represents the 
occurrence of a rainfall event (>5 mm). The ingredients for the candidate samples were 
[H20 : glycerin : fructose syrup : granular sucrose : gelatinized corn flour : wheat flour]. 
Cl = [30:20:40:60:50:50], coated with gloss red latex paint containing 0.5% dimethoate 
(A.I.). B1 = [45:20:0:80:60:40], coated with gloss red latex paint containing 0.5% 
dimethoate (A.I.). B2 = same as B1 but coated with flat red latex paint containing 0.5% 
dimethoate (A.I.). Controls were 8-cm wooden spheres coated with a mixture of 58.95% 
sucrose, 40% flat red latex paint and 1.05% Digon (0.5% dimethoate). The same 11- 
weeks-exposed spheres were assessed after retreatment with 20% aqueous sugar. 
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CHAPTER 3 
LETHAL AND SUBLETHAL EFFECTS OF IMIDACLOPRID ON APPLE 
MAGGOT FLY, RHAGOLETIS POMONELLA (DIPTERA: TEPHRITIDAE) 
Abstract 
Imidacloprid is desirable candidate of new generation of toxicant because its 
novel mode of action, low mammalian toxicity and extremely effective activity against 
sucking pest. To select efficient and environmentally benign toxicant for using on lure- 
kill traps, its technical ingredient was tested in the laboratory. The ingestion/contact or 
contact alone toxicity over a 5-d period to apple maggot flies, Rhagoletis pomonella 
(Walsh) was determined. Also, formulated imidacloprid was tested in the field against 
R. pomonella flies for residual efficacy over a 7-d period. In the laboratory tests, 
imidacloprid showed high lethal and sublethal effects, and was 10-12 times more toxic 
and acted more rapidly by oral ingestion than by surface contact. Affected flies were 
observed to cease feeding and then regurgitate. Mortality stabilized 4 d after treatment. 
Compared with control flies, females exposed to imidacloprid showed reduced 
fecundity regardless of whether exposure was by oral or by surface contact. In field 
experiments, spray applications of imidacloprid to foliage at a manufacturer 
recommended rate resulted in no significant mortality of flies, either among flies 
released immediately after treatment or 24 h later. Imidacloprid residue on tree leaves 
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reduced the reproductive ability of flies released immediately after treatment, but the 
effect was minimal. The potential use of imidacloprid as a toxicant on pesticide-treated 
spheres is discussed. 
Key Words: Imidacloprid, Toxicity, Residual Toxicity, Fruit Fly 
Introduction 
The apple maggot fly, Rhagoletis pomonella (Walsh), is of major concern to 
apple growers in North America. Commercial apple growers in Massachusetts typically 
apply an average of 3 sprays annually against apple maggot flies to produce a 
marketable crop. Due to increased concern for public health and environmental quality, 
substantial research has been devoted towards exploring alternative strategies and 
tactics of apple maggot fly management. Since the discovery of suitable odor 
attractants, visual/olfactory traps have facilitated development of behavioral approaches 
towards managing apple maggot flies (Warner and Smith 1989, Agnello et al. 1990, 
Duan and Prokopy 1992, Prokopy et al. 1990b, Prokopy and Mason 1996, Reynolds et 
al. 1996). Hanging visual sticky traps (8-cm red spheres or yellow rectangles), baited or 
unbaited with butyl hexanoate, in orchards to capture alighting females was effective in 
protecting host fruit from apple maggot fly damage (Prokopy 1975, Prokopy et al. 
1990, Maccollom et al. 1992). However, these methods are unappealing for use in 
large commercial orchards because coating and maintaining spheres with sticky 
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adhesive (Tangletrap®) is awkward and labor intensive (Prokopy et al. 1990, Duan and 
Prokopy 1995a). 
There has been a high level of interest in selecting more efficient and 
environmentally acceptable toxicants, as well as improved pesticide application 
technologies, for apple maggot fly management. Bait sprays are currently 
recommended as an alternative method for control of: oriental fruit fly, Bactrocera 
dorsalis Hendel; melon fly, B. cucurbitae (Coquillett); Mediterranean fruit fly, Ceratits 
capitata (Wiedemann) and Caribbean fruit fly, Anastrepha suspensa (Loew) (Ehler and 
Endicott 1984, Hennessey and King 1996). However, this method has not been 
generally effective for apple maggot fly control possibly because of competition from 
natural food resources such as bird droppings (Prokopy et al. 1993). The use of 
insecticide-impregnated devices baited with olfactory attractants and/or feeding 
stimulants is becoming an increasingly important means of controlling pests (Mckibben 
et al. 1990, Landolt et al. 1991, De Souza et al. 1992, Duan and Prokopy 1995b). The 
most promising such device for apple maggot control is a fruit-mimicking 8-cm red 
sphere coated with a mixture of pesticide (dimethoate), feeding stimulant (sucrose) and 
residue-extending agent (a slow-release system) (Duan and Prokopy 1995a, Hu et al. 
1996). The purpose of the device is to attract flies, stimulate alighting flies to feed, and 
kill the flies with either a contact or ingested toxicant. This technique has advantages 
over conventional pesticide sprays in that it increases the effectiveness of pesticide 
carrier, is safer since a much small amount of pesticide is used, and has long-term 
residue activity (Prokopy et al. 1995, Prokopy and Mason 1996, Hu and Prokopy, 
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unpublished). It also has advantages over the use of sticky spheres because little or no 
maintenance is needed after deployment (Hu et al. 1996; Hu and Prokopy, unpublished 
data). To offer the best prospect for long term usefulness, we need to replace 
dimethoate with a toxicant that is similarly highly lethal to apple maggot flies but is 
more environmentally safe and less hazardous for handling by humans. 
Imidacloprid (Bayntn 33893) is a new nitroguanidine insecticide exhibiting both 
systemic and contact activity. It is extremely effective against sucking insects and some 
species in Coleoptera, Diptera, Lepidoptera and Isoptera, but has low mammalian 
toxicity (Mullins 1993, Light 1993). In addition, it has a novel mode of action and 
favorable environmental fate characteristics, making it a desirable candidate as part of a 
new generation of insect control agents (Mullins 1993). It is used extensively for seed 
treatments, soil applications and foliar sprays. It has recently been registered in North 
America for use in apple orchards to manage aphids, leaf-miners and leafhoppers (Bayer 
Corp. 1994). To our knowledge, no research has yet been published on the effects of 
imidacloprid on apple maggot flies. 
This study was undertaken principally to evaluate the effects of imidacloprid as 
a toxicant and reproduction inhibitor against apple maggot flies as well as to assess its 
potential value as a replacement for dimethoate on lure and kill spheres. 
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Materials and Methods 
Insect and Toxicant 
Apple maggot adults were obtained from pupae collected from unsprayed apple 
drops near Amherst, MA and were maintained in a laboratory colony at 25°C, 70% RH 
and LD 16:8 h photoperiodic regime. Upon eclosion, newly emerged flies were 
separated to provide groups of known ages. They were housed in Plexiglas cages 
(30x30x30 cm) and provided with water and a mixture of enzymatic yeast hydrolysate 
and sugar as food. Flies were tested when 10 days old (for laboratory tests) or 15 days 
old (for field tests). Flies 10 days of age or older were chosen for testing because they 
were considered to be mated and reproductively mature. 
Two imidacloprid compounds were provided by the Bayer Corporation, 
Agriculture Division (Kansas, MO). Technical imidacloprid powder (BAY NTN 
33893, 95.8% pure) was used to determine acute toxicity in the laboratory. Formulated 
product (BAY NTN 33893 1.6F, 17.4% A.I., Formula: 011657, Batch: 
6030007/5037340) was used for foliar applications made in apple orchard. 
Acute Toxicity in Laboratory Bioassays 
The acute toxicity of imidacloprid against apple maggot flies was investigated in 
laboratory experiments using two bioassay systems adapted from Duan and Prokopy 
(1995b). Two groups (A and B) of 500 ml Mason jars (Container Corp. of America, 
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Dolton, IL), with an inner surface area of 240 cm2, were used. To measure the 
ingestion/contact toxicity level of imidacloprid, group A jars were pre-coated with a 
film of sucrose by spreading 1 ml of a 25% granular sucrose/water solution evenly over 
the inside of each jar (equal to 1 mg/ cm2). The sucrose was used as a fly feeding 
stimulant (Duan and Prokopy 1993). Tarsal-contact activity, due solely to physical 
contact with insecticide residue on the surface of test jars, was determined using group 
B jars that were not pretreated with sugar solution. One ml of acetone-diluted technical 
active ingredient imidacloprid was then sprayed onto the inner surface of each jar in 
each group. The spray was evenly dispersed during evaporation using a mechanical 
roller in a fume hood. Jars were left to ventilate for 24 h to ensure complete evaporation 
of the acetone. Jars sprayed with acetone alone were used as the control. 
Test concentrations of imidacloprid for oral ingestion/contact toxicity ranged 
from 0.0001 mg/ml to 0.06 mg/ml (i.e. from 0.0004 mg/cm2 to 0.24 mg/cm2). For 
toxicity via tarsal contact only, values ranged from 0.01 mg/ml to 0.1 mg/ml (i.e., from 
0.04 mg/cm2 to 0.4 mg/cm2). At least 7 concentrations were tested for each 
experimental protocol. Sexually mature flies, starved 10 h prior to testing, were 
introduced into each jar and allowed to stay and/or feed for 5 minutes. Six replicates of 
ten flies each (5 females and 5 males) were employed for each treatment. Tested flies 
were subsequently transferred into Plexiglas cages containing food, water, and an apple. 
The apples were picked fresh from unsprayed trees early in the season and no 
oviposition puncture was detected on them. The knockdown effect of imidacloprid was 
determined by observing knockdown effect at the end of the 5-minute test period. 
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Mortality was observed daily for 5 days after treatment. Flies were considered dead 
when they were unable to walk or were moribund. 
We did not use conventional topical application in this study for three reasons. 
First, data from topical application may not provide sufficient information from which 
to make recommendations about the use of a product for pest management purposes, 
because most pests access surface residues by tarsal contact, not by dorsal contact (Stark 
et al. 1995, Pimentel 1995). Second, we wanted to reproduce the same route of 
exposure as would be present on the surface of a pesticide-treated sphere in order to 
measure the true degree of susceptibility. Third, it has been proposed that dose- 
mortality relationships should be developed to measure toxicity by ingestion and contact 
activity, rather than topical application only (Mullins 1993). 
Residual Efficacy in Tree Foliage Bioassays 
To investigate the residual activity of formulated product, five “Red Delicious” 
apple trees from an abandoned orchard near Amherst, MA were used. Branches of four 
trees were sprayed to runoff with a hand-sprayer at a manufacturer-recommended rate of 
0.03% active ingredient of formulated imidacloprid for control apple maggot fly adults. 
One nearby tree was left unsprayed to be used as a control. From each tree, four 
branches were selected for caging. Only two fruits were allowed to remain on each 
branch. Four leaves on each branch received an aqueous slurry of a mixture of 8% 
sugar and 10% bird droppings to serve as a food supply for flies. A 30x50 cm cloth 
screen cage was placed over the end of each selected branch. Twenty sexually mature 
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flies (sex ratio 1:1) were introduced into each cage. Two cages per tree were emplaced 
immediately following spray application, and the remaining two cages 24 h later. The 
open end of each cage was tied shut with a cotton cord. Mortality counts were made 
daily for 7 days. 
Effect of Imidacloprid on Fly Reproductive Ability 
Effects of imidacloprid on fly reproduction behavior were investigated for the 
doses that caused 20% - 50% fly mortality in laboratory assays. Female survivors were 
dissected for determining egg load. The fruits were examined for number of oviposition 
punctures and number of eggs laid on day 5. Only fully developed eggs were counted. 
The same effects on reproductive behavior were also investigated for imidacloprid 
residue on tree leaves in field trials. The apples and the surviving flies from each 
branch cage were brought back to laboratory on day 7 and were examined as described 
above for oviposition puncture, egg laid and egg load. 
Data Analysis 
For the dose-mortality study, response data were analyzed by the method of 
probit analysis to determine LC50 and LC90 values and to obtain slope, heterogeneity 
(H) and Log L. Hypotheses of equality of regressions were tested by likelihood ratio 
tests (POLO-PC [LeOra Software 1987]). H factor is the chi-square value divided by 
the degrees of freedom. Data on average numbers of oviposition punctures, eggs laid 
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and egg load per female were tested for normality using Wilk-Shapiro/Rankit Plots and 
subjected to analysis of variance, with concentration of imidacloprid as the independent 
variable. The means were separated with LSD pairwise comparisons (p = 0.05). Egg 
loads of females contacting imidacloprid were compared using Kruskal-Wallis one-way 
ANOVA. 
Results 
Toxicity in Laboratory Bioassays 
Imidacloprid was more toxic and acted more rapidly by oral than by contact 
administration to apple maggot fly adults at all doses examined (Table 3). The 
mortalities were established 4 days after testing. The concentrations for 
ingestion/contact exposure required to kill 50% of the adults (LC50) at 24, 48 and 96 h 
were 0.008, 0.006 and 0.004 mg/cm2, respectively, which were 8, 9 and 12-fold lower 
than those determined for contact exposure alone. The LC90’s for ingestion/contact 
exposure at 24, 48 and 96 h were 0.238, 0.211 and 0.178 mg/cm2, respectively, which 
were 10, 12 and 14-fold lower than those determined for contact exposure alone. 
Rapid knockdown and behavior modification were observed during the 5-minute 
tests in jars. Of flies exposed to jars containing both imidacloprid and sugar, the 
knockdown percentage ranged from 10 to 83% for 0.004 - 0.24 mg/cm2 of imidacloprid. 
No knockdown was detected if the concentration of toxicant was lower than 0.002 
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mg/cm2. Of flies exposed to jars containing imidacloprid alone, the knockdown range 
was 10 to 70% for 0.04 - 0.4 mg/cm2. In the presence of sugar, the onset of 
neurotoxicological symptoms corresponded with the onset of feeding cessation, which 
was followed by vomiting. A small portion of the population was observed to recover 
subsequently, but all these flies eventually died within four days. 
Toxicity in Tree Foliage Bioassays 
Bioassays on apple trees showed that formulated imidacloprid was ineffective in 
controlling fly adults (Fig. 3). Of flies caged immediately after spray applications, less 
than 15% (corrected mortality) were killed in 7 days. Mortality was even lower for flies 
released into cages 24 h after toxicant application, indicating the rapid decline of 
dislodgeable residues on imidacloprid on leaf surfaces. 
Effects on Reproductive Ability 
At doses that resulted in 20-50% mortality in ingestion/contact bioassays 
(0.0004 - 0.004 mg/cm2), or in contact only bioassays (0.004-0.04 mg/cm2) in the 
laboratory, flies showed no ovipositional behavior during the following 5 days after 
exposure (Table 4). Egg loads of such flies were significantly lower than those of 
control flies (F = 37.16, P = 0.0004 for ingestion/contact toxicity and F = 3.58, P = 
0.052 for contact alone toxicity). Among field-caged flies that were caged immediately 
following imidacloprid application and survived exposure to imidacloprid, the number 
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of oviposition punctures and number of eggs laid was reduced (F = 3.66, P = 0.04), but 
the egg load per female remained at the same level as that of control flies (F = 1.1, P = 
0.35) (Fig. 4). Imidacloprid demonstrated no residual effects on fly reproductive 
behavior when flies were initially exposed to it 24 h after spray application. 
Discussion 
At the same level of residual active ingredient, the toxicity of imidacloprid to 
insects is usually greatest when exposure is through ingestion/contact rather than 
contact alone. It has been reported that imidacloprid was at least 20-fold more toxic to 
green peach aphid, Myzus persicae (Sulzer), when the same dose was administered 
orally vs. topically (Mullin 1993). Bioassays of diet-incorporated imidacloprid resulted 
in 5 times more toxicity than topical application to larvae of Spodoptera littoralis 
(Boisd.) (Scarr et al. 1994). The same relationship was found in our study, in which the 
LC50 and LC90 values for apple maggot flies following ingestion/contact with 
imidacloprid were 12 and 14 times lower, respectively, than following tarsal contact 
alone. 
Apple maggot adults proved highly sensitive to imidacloprid in our laboratory 
experiments. Although the quick knockdown might have reduced fly landing and 
feeding on the residue and allowed temporary recovery of some flies, all knocked down 
flies died within 2 days. The mortality of flies peaked about 4 days following exposure, 
indicating a relatively slow action of imidacloprid. This might be explained by the 
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mode of action of imidacloprid, which acts as an acetylcholine mimic and interferes 
with postsynaptic nicotinergic acetylcholine receptors. It degrades slowly in the insect, 
causing substantial disorder within the nervous system. It is such nerve disorder that 
leads to the subsequent lethal action (Mullins 1993). 
The ingestion/contact toxicity of imidacloprid to fly adults was compared with 
ingestion/contact toxicity to flies of conventional insecticides studied earlier in our 
laboratory using the same method. Based on laboratory LC90 values, apple maggot 
adults were approximately 2-, 3-, 32-, 57-, and 178-fold more susceptible to 
imidacloprid than to the same amount (mg active ingredient/cm2) of avermectin, 
dimethoate, diazinon, malathion, and fenvalerate, respectively (Duan and Prokopy 
1995b, Hu and Prokopy, unpublished data). 
Although imidacloprid was highly effective against apple maggot lies in 
laboratory tests and the employed spray rate of imidacloprid in field tests was ca. 43 
times the LC50 level for fly ingestion/contact toxicity and 20 times the LC50 level for fly 
contact toxicity, field trails did not produce similar results. Of flies released onto tree 
leaves immediately following spray application, only approximately 15% were killed, 
too few to provide effective control. Mortality on unsprayed trees was attributed to 
adverse weather conditions (over 3 cm rainfall during the 7-day trial period). Of the 
flies released onto leaves 24 h after spray application, no lethal effect of imidacloprid 
residues was detected. This probably occurred because of the systemic nature (Elbert et 
al. 1991) and/or photodegradation susceptibility of imidacloprid (personal 
communication with the representative of Bayer Corporation), causing surface residues 
to be too low to produce detectable effects on apple maggot flies. The lack of 
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appreciate fly mortality in field trial suggests that surface residues of imidacloprid 
degraded rapidly and were no longer toxic within a few days of application. Unlike 
many organophosphorous insecticides (e.g. dimethoate), the residual activity of 
imidacloprid depends on pests sucking or feeding on foliage that has absorbed the 
toxicant rather than contacting foliar surface residues (Elbert et al. 1991; Mullins 1993). 
The half-life of imidacloprid on/in different plants varies greatly. Ishii et al. (1994) 
reported that imidacloprid incorporated into cucumber seeds decreased rapidly, with a 
half-life of less than 3 days in field. However, in rice it still provided good control of 
Nilaparbate lugens Stal. 60 days after application in field. On the other hand, crop 
residue studies have shown low surface residue following foliar applications, probably 
caused by rapid degradation by sunlight or quick absorption by plant leaves (Mullins 
1993). For example, the foliar half-life of imidacloprid on potatoes was only about one 
day. The ineffectiveness of imidacloprid foliar applications against apple maggot flies 
in our experiments may be due to one or both of the explanations given above. 
Sublethal effects of imidacloprid have been documented for other insect species, 
including reduction or cessation of feeding, reproductive activities or movement 
(Mullins 1993). In our study, a significant reduction in reproductive ability of apple 
maggot flies was demonstrated in laboratory tests, which depended upon dose and mode 
of entry. None of the flies surviving imidacloprid laid eggs. Egg loads of exposed flies 
were significantly lower than those of control flies, suggesting an inhibiting effect of 
imidacloprid on egg development in the ovaries of young females. In tree foliage 
bioassays, females that survived exposure to imidacloprid immediately following 
application laid fewer eggs but had the same level of egg load compared with control 
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females. No sublethal effects were detected on flies released 24 h after application. We 
suggest that imidacloprid inhibits egg development in the ovaries but does not kill 
mature eggs that are ready to be laid. We also suggest that the quick decline of foliar 
residue of imidacloprid in nature diminished its sublethal effects on flies. 
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Table 3. Toxicity of imidacloprid to apple maggot flies as determined from 
residues on glass jars 
N2 HAE3 LC50 (95% CL)1 LC90 (95% CL) SlopetSEM4 HET5 Log L6 
Contact/Ingestion Toxicitv ('ue/cm2} 
420 24 0.008 (0.003-0.014) 0.238 (0.115-0.825) 1.49±0.21 1.25 -132.2 
420 48 0.006 (0.001-0.014) 0.211 (0.086-1.195) 1.42±0.224 1.63 -133.8 
420 96 0.004 (0.0008-0.010) 0.178 (0.078-0.784) 1.43±0.20 1.54 -129.3 
Contact Onlv Toxicitv fpg/cm2') 
240 24 0.067 (0.035-0.222) 2.595(0.522-4.50) 1.38±0.38 0.68 -72.15 
240 48 0.054 (0.021-0.259) 2.60 (0.50-4.35) 1.148±0.387 0.49 -81.48 
420 96 0.049 (0.019-0.201) 2.51 (0.45-4.01) 1.099±0.342 0.47 -84.16 
1. LCs were analyzed by POLO-PC computer program (LeOra Software 1987) 
2. N is the number of insect tested 
3. HAE is the hours after exposure when mortality was assessed 
4. Slope± SEM is the slope ± standard error 
5. HET is the heterogeneity factor 
6. Log L is the maximum log-likelihood function 
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Table 4. Average number of oviposition punctures and eggs laid per female per 
day in apples, and egg load per female apple maggot flies at the end of 5-d test 
periods following 5-min ingestion/contact or contact alone with imidacloprid in 
laboratory jar assays 
Treatment 
(Hg/cm2) 
In gesti on/Contact 
Punctures Eggs Laid Egg Load Punctures 
Contact 
Eggs Laid Egg Load 
0.04 — — — 0a 0 a 1.2±0.5a 
0.02 — — — 0a 0 a 3.7±1.4b 
0.004 0a oa 1.8±0.4a 0a 0 a 4.5±0.8b 
0.0021 0a oa 2.5±0.3ab — — — 
0.0004 oa oa 3.2±0.8b — — — 
control 21.0±3.2b 19.0+5.4b 12.0±4.4C 19.0±5.3b 16.0±2.9b 11.0±2.1c 
Numbers in a column followed by the same letter are not significantly different from 
one another based on One-way ANOVA followed LSD pairwise comparisons of means 
at 0.05 level (Statistix 4.0) 
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Days of exposure to sprayed leaves 
Figure 3. % mortality of R. pomonella flies caged on apple trees sprayed 
with imidacloprid at the rate of 0.003% A.I. 
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Oviposition eggs laid egg load 
punctures 
Figure 4. Mean number (±SEM) of oviposition punctures and eggs laid and 
mean egg load per female among apple maggot females that survived 
exposure to imidacloprid during 7 days in field cages 
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CHAPTER 4 
TOXICITY AND RESIDUAL EFFECTIVENESS OF INSECTICIDES ON 
INSECTICIDE-TREATED SPHERES FOR CONTROLLING APPLE MAGGOT 
FLIES, RHAGOLETIS POMONELLA (DIPTERA: TEPHRITIDAE) 
Abstract 
Acute toxicity of five technical-grade insecticides from four different classes to 
apple maggot females, Rhagoletis pomonella (Walsh), was determined. Mortality was 
evaluated following a 10-min exposure period using insecticide-coated glass jars, with 
or without a feeding stimulant. According to LC90 values of toxicity by ingestion and 
tarsal contact, imidacloprid was 1.5 times more toxic than dimethoate or avermectin; 
diazinon was less toxic and phloxine B (a phototoxic dye) least toxic. For LC90 values 
based on tarsal contact alone, dimethoate was 2.3, 4.0, and 18.4 times more toxic than 
imidacloprid, avermectin and diazinon, respectively. Contact with phloxine B caused 
no mortality. When exposure was assessed using spheres coated with a latex paint 
mixture containing 20% sucrose and formulated dimethoate (Digon 400 EC) or 
imidacloprid (Provado 1.6 F) at concentrations ranged from 5-70 A.I. (pg/cm2), both 
insecticides showed reduced toxicity compared with LC90s from glass jar tests, with 
Digon 2 times more toxic than Provado. After exposure to artificial rainfall and re- 
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treatment with 20% sucrose, Digon- and Provado-treated spheres exhibited greatest 
residual effectiveness, with diazinon-treated spheres intermediate. Spheres treated with 
formulated avermectin at 1.0% A.I. (Agrimek) performed only slightly better than 
phloxine B-treated spheres, which completely lost effectiveness after exposure to 
rainfall. Spheres treated with Merit 75% WP ( formulated imidacloprid) at 1.5% A.I. 
showed equal or better residual efficacy in killing apple maggot flies (>80% mortality, 
shorter lethal duration of feeding) over a 12 weeks exposure period than spheres treated 
with Digon at 1.0% A.I. after both types were retreated with sucrose. Our results 
indicate that imidacloprid is a promising safe substitute for dimethoate as a fly killing 
agent on lure-kill spheres. A wettable powder formulation of imidacloprid (Merit) 
proved better than a flowable formulation (Provado) in terms of residual efficacy. 
Key Words: Rhagoletispomonella, Insecticides, Toxicity, Residual Effectiveness, 
Insecticide-treated Sphere 
Introduction 
The apple maggot fly, Rhagoletis pomonella (Walsh), is an economically 
significant summer pest of apples in eastern North America. To reduce toxicological 
and environmental problems associated with conventional organophosphate sprays 
against this pest, odor-baited red spheres have been used as a substitute in integrated 
pest management programs (MacCollom 1987, Prokopy et al. 1990a, 1996). This 
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approach involves placing attractive odor-visual, fruit-mimicking 8 cm spheres on 
perimeter apple trees in an orchard to intercept apple maggot flies immigrating into 
orchards. Red spheres covered with Tangletrap® adhesive have proved as effective as 
insecticide sprays in direct control of apple maggot (Prokopy and Mason, 1996). 
However, the high labor and expense input associated with deploying and maintaining 
sphere effectiveness render this practice unappealing to apple growers in large 
commercial orchards. Prokopy et al. (1990a) proposed an inexpensive alternative to 
sticky as a killing agent, which involves coating a sphere with a mixture of a toxicant, a 
fly feeding stimulant and the addition of an agent that extends the residual effectiveness 
of the mixture. The principle underlying using such insecticide-treated spheres was that 
alighting flies would be killed by insecticide residue either through direct tarsal contact 
(which would require a high dose of insecticide) and/or through ingestion of a lethal 
dose of insecticide together with feeding stimulant (which would require a much lower 
dose of insecticide). 
Duan and Prokopy (1995b) formulated a sphere coating mixture consisting of 
58.95% sucrose (the strongest feeding stimulant found by Duan and Prokopy 1993), 
1.05% A.I. of dimethoate (the most effective orchard-labeled insecticide) and 40% red 
latex paint (the best insecticide-residue extending agent found by Duan and Prokopy 
1995a). Newly coated wooden spheres killed 79-90% of alighting flies (Duan and 
Prokopy 1995b). However, these spheres lost effectiveness after exposure to rainfall 
because latex paint only extended the residual activity of the insecticide but not the 
sugar. The rapid disappearance of the feeding stimulant as a result of rainfall was the 
48 
key constraining factor in the use of these treated spheres. Two separate approaches 
have been taken to prolong residual activity of sugar using slow-release techniques: (1) 
development of a technique in which the activity of both sugar and insecticide is 
extended on reusable wooden spheres (Hu et al. 1996, 1997); and (2) development of a 
novel type of sphere to replace wood as the sphere body (Hu et al. 1998). The most 
effective approach thus far has been the novel type of sphere consisting of sugar 
entrapped in a mixture of gelatinized com flour and wheat flour and coated with a layer 
of latex paint containing 0.5% (A.I.) dimethoate. Such painted sugar/flour spheres 
maintain a continuous supply of fly feeding stimulant and insecticide on the surface, 
even under high rainfall situations. The sphere body serves as a sugar reservoir, and 
latex paint acts as a slow-release carrier for dimethoate and permits constant seepage of 
sugar to the sphere surface, irrespective of the amount of rainfall. Such spheres showed 
prolonged residual activity of both dimethoate and sucrose, and killed at least 70% of 
alighting flies after 11 wk of weather exposure, during which 230 mm rainfall fell (Hu 
et al. 1998). 
To date, dimethoate (an organophosphate) has been the insecticide used in latex 
paint on such spheres because no other insecticide (including organophosphates, 
carbamates and synthetic pyrethroids) is nearly as effective in killing apple maggot flies 
(Bancroft et al. 1974, Pree et al. 1976, Reissig et al. 1980, Duan and Prokopy 1995a). 
Hu et al. (1996) found that the amount of unbound dimethoate at the surface of spheres 
sufficient to kill 95% of alighting flies was 5 times less than the amount present on 
apple foliage following a dimethoate spray applied at orchard-labeled rate. However, 
the high human toxicity of dimethoate poses a risk to the handler. In addition, 
49 
dimethoate may soon lose it registration for orchard use (Personal communication with 
Benbrook Consulting Services, Sandpoint, IH). Therefore, for long-term usefulness, 
there is need for a substitute for dimethoate that is similarly lethal to apple maggot flies 
but is more environmentally safe and less hazardous for handling by humans. 
Recently, several new insecticides, all of which are much safer than dimethoate, 
have been registered for use in orchards to manage other pest insects, including aphids, 
leafrollers, and leafminers. Interestingly, these insecticides have shown promise as 
contact or orally-ingested insecticides against at least one species of tephritid fly in 
laboratory studies. These are avermectin (Albrecht and Shermain, 1987), phototoxic 
dye (Krasnoff et al. 1994, Moreno and Mangan 1995), spinosad (Adan et al. 1996) and 
imidacloprid (Hu and Prokopy 1998). However, their effectiveness against apple 
maggot flies, except for imidacloprid, has not been evaluated. Moreover, little or no 
information is available on the suitability of these insecticides for use on insecticide- 
treated spheres. In particular, their efficacy in killing flies when in combination with 
feeding stimulant and latex paint is not known. 
The purpose of this study was to provide baseline data on insecticides that could 
substitute for dimethoate on lure-kill spheres for tephritid fly control. To do this, we 
examined the acute toxicity of these new insecticides to apple maggot females under 
laboratory conditions in comparison with toxicity of dimethoate and another 
organophosphate, diazinon. We then assessed the effectiveness of these insecticides in 
combination with latex paint and sucrose when applied to red spheres. Finally, we 
addressed the concentration and the commercial formulation of some insecticides for 
use on insecticide-treated spheres as well as the residual activity of such spheres after 
50 
exposure to weather in an orchard. We did not evaluate spinosad because similar tests 
on Anastrepha ludens (Loew) revealed that spinosad had very low toxicity when 
combined with latex paint (Prokopy et al. unpublished data). 
Materials and Methods 
Insects 
Rhagoletis pomonella adults were collected from puparia formed by larvae that 
infested mixed varieties of apple fruit collected from unsprayed trees in Amherst, MA. 
Upon emergence, both sexes were maintained together in 30x30x30 cm aluminum 
screen/Plexiglas cages supplied with water and food (5x7 cm strip of filter paper dipped 
in an aqueous slurry of enzymatic yeast hydrolysate and sucrose [1:3] and dried before 
use). All females used in bioassays were 14-20 days of age (sexually mature) and 
deprived of all food, but not water, 10 h before initial testing. 
Insecticides 
Five technical-grade insecticides were tested: avermectin B1 (98% A.I., Merck & Co. 
Inc. Rahway, NJ); diazinon (97% A.I.) and dimethoate (98% A.I., Chem Service, Inc. 
West Chester, PA); imidacloprid (95.8% A.I., Bayer, Kansas City, MO); and phloxine B 
(FD & C red No. 28, Hilton-Davis, Cincinnati, OH). Commercial formulations of 
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avermectin (Agrimek 0.15 EC, Merck & Co., Inc. Rahway, NJ), 25% A.I. diazinon 
(Dragon Corp., Roanoke, VA), dimethoate (Digon 400 EC, Wilber-Ellis, Fresno, CA) 
and imidacloprid (Provado 1.6 F and Merit 75% WP, Bayer Inc., Kansas City, MO) 
were also tested. Of the two organophosphates, dimethoate was tested as standard, 
while diazinon was evaluated because it is commonly applied in orchards. 
Acute Toxicity 
Glass Jar Bioassav 
Laboratory bioassays in glass jars assessed the acute toxicity of technical-grade 
insecticides on apple maggot females at 25 ± 2°C, 60 ± 5% RH and a photoperiod of 
16:8 (L:D). For a complete methodological description, see Hu & Prokopy (1998). 
Briefly, two protocols were used. To measure ingestion/contact toxicity, mason jars 
(500 ml) (Container Corp. of America, Dolton, IL) were pre-coated evenly with a film 
of sucrose (dried after coating) by spraying 1 ml of a 25% granular sucrose/water 
solution on the inside of each jar using an atomizer (equal to 1 mg/cm2). To measure 
tarsal-contact toxicity, mason jars were used without the coating of sucrose. Eight to 
fourteen concentrations of each insecticide were prepared in acetone, except for 
phloxine B, which was prepared in methanol because it is not soluble in acetone. One 
ml of each concentration was sprayed into each glass jar and was evenly dispersed 
during evaporation on a mechanical roller in a fume hood. Control jars were treated 
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with 1 ml acetone, with or without a pre-coating of sucrose. Complete evaporation of 
the acetone was allowed in a vented hood for 24 h before testing. 
Ten females were introduced into each jar and were allowed to remain in the jar 
for 10 min. Immediately thereafter, flies were transferred into a clean mason jar that 
was covered with aluminum screen secured with a screw-on ring top. Within the jar, 
flies were supplied with food (a cube of sucrose) and water (an 8 ml water-filled plastic 
vial plugged with a cotton wick). Three replicates per concentration per test were 
conducted. Fly mortality was assessed daily for 3 days. Here and hereafter, mortality 
was judged when flies were unable to walk or were moribund. 
Sphere Bioassay 
Commercial formulations of two insecticides (Digon 400 EC and Provado 1.6 F) 
that demonstrated the highest toxicity in the glass jar bioassay were assessed further for 
ingestion/contact toxicity. Five concentrations of each insecticide were prepared in red 
gloss acrylic latex paint (Glidden, Cleveland, Ohio) containing 20% dissolved sucrose. 
Three g wet weight of each concentration were evenly brushed on an 8 cm wooden 
sphere. Spheres that received only latex paint and sucrose were used as controls. 
Treated spheres were air dried in a vented hood for « 24 h before testing. A single 
treated sphere was hung from the ceiling of a 30x30x30 cm screen/Plexiglas cage. A 
single female was selected randomly from a holding cage and was transferred onto the 
sphere surface using a 35 ml plastic cup. The female was loosely constrained on the 
53 
sphere surface within the plastic cup for 10 min. Following exposure, the female was 
transferred into a 15x15x15 cm screen/Plexiglas cage and supplied with food and water. 
This procedure was repeated until a total of 10 females was exposed to the same type of 
sphere and held together in a single cage. Fly mortality was recorded 3 days after initial 
exposure. There were 3 replicates of 10 flies each per concentration per insecticide. 
Residual Efficacy after Exposure to Simulated Rainfall 
Residual activity of insecticides applied as commercial formulations on painted 
spheres was evaluated after exposure to simulated rainfall. In the acute toxicity 
bioassay, insecticide toxicity changed as solvent changed from acetone to a mixture of 
paint and sugar, or insecticide itself changed from technical-grade to commercial 
formulation. Thus, we chose to evaluate commercial formulations on the basis of an 
equal 1.0% A.I. (wt) for Digon, Agrimek, and Provado, and 5% A.I. (wt) for Diazinon 
and phloxine B, as measured in a mixture with latex paint. Three g wet weight of each 
mixture were applied to each sphere. Spheres that received only paint were used as 
control spheres. Exposure of spheres was conducted in a rain chamber that delivered 
simulated rainfall as a spray at a rate of ~2.5 cm/h. Spheres hung in the chamber 
received 1 h of rainfall per day up to 6 consecutive days, with 23 h of drying time 
between rainfall events. Continuous movement of the nozzle allowed for an even 
dispersion of water over the spheres. Insecticide residues were aged for 1, 2, 3, 4, 5, and 
6 days by manipulating rainfall test dates so that all residues were available 
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simultaneously for use. Before each bioassay, spheres were dipped in a 16% 
sucrose/water solution and dried. Three series of bioassays were conducted for each 
treatment. In all cases, a sphere was hung from the ceiling of an empty screen/Plexiglas 
cage. For each series, 30 females were released individually onto each sphere and 
allowed to remain there for a maximum of 10 min (Duan and Prokopy 1995a). Tested 
flies were kept in screen/Plexiglas cages supplied with food and water and maintained 
in the laboratory for 3 days to assess mortality. 
Residual Efficacy under Field Conditions 
The preliminary results from acute toxicity bioassays and residual efficacy 
bioassays under simulated rainfall demonstrated that among the tested insecticides, only 
imidacloprid had comparable toxicity to dimethoate. Thus, we further compared 
imidacloprid-treated spheres to dimethoate-treated spheres for effectiveness after 
various durations of exposure to outdoor weather conditions. In particular, we 
examined the residual efficacy of different concentrations and different commercial 
formulations of imidacloprid and dimethoate. 
In a 1996 test, spheres were treated with Digon at either 0.5 or 1.0% A.I., or 
Provado at 1.0% A.I. mixed with the paint. Control spheres received only the paint. 
Twenty spheres of each treatment were hung in an unmanaged block of apple trees at 
the Horticultural Research Center in Belchertown, MA in early July. Every 3 weeks 
over a 12-week period, 3 spheres of each treatment were returned to the laboratory and 
retreated with 16% sucrose/water solution 2 h before measuring fly mortality using the 
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method described in the preceding section. Rainfall on the trees was recorded with a 
rain gauge. 
In a 1997 test, we evaluated which of the 2 available formulations of 
imidacloprid (Merit and Provado) was more effective. Different commercial 
formulations could influence the toxicity of active ingredients after mixing with latex 
paint. We also wanted to determine which of the 3 dosages (0.5, 1.0 or 1.5% A.I.) was 
optimal for attaining at least 90% fly kill over 3 months of sphere exposure under field 
conditions. Sphere preparation and fly bioassays were essentially the same as 
aforementioned, but total time of feeding within each prescribed 10 min exposure 
period on spheres was recorded as well. 
To control day-to-day variability in fly susceptibility to insecticide, each 
treatment from the 1996 and 1997 field trials was tested in parallel with a corresponding 
treatment of spheres not exposed in the field, but maintained under dry conditions in the 
laboratory. 
Data Analysis 
Dose/mortality data from acute bioassays were subjected to probit analysis using 
POLO-PC (LeOra Software, 1987) to obtain LC50 and LC90 values as associated 
parameters for each compound. Insecticide concentrations were converted to pg 
A.I./cm2 by calculating the surface area of the inside of a mason jar (244 cm2) or the 
surface area of a sphere (200 cm2). Data on fly mortality in residue bioassays were 
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corrected based on response to controls first, then transformed using arc-sin 
transformation before performing analysis of variance (Snedecor & Cochran, 1980); 
significant differences between means were determined using the LSD test (P = 0.05). 
Data on median lethal duration of feeding (i.e. median duration of feeding necessary to 
acquire a lethal dose of toxicant) were also analyzed by analysis of variance. Logistic 
regression analyses and odds ratios were used to determine important causes of loss of 
effectiveness of insecticide. 
Results 
Acute Toxicity 
Glass Jar Bioassav 
In order of LC90s associated with ingestion/contact activity, acute toxicity was 
imidacloprid > dimethoate > avermectin > diazinon > phloxine B (Table 5). Fly 
mortality from the dimethoate and diazinon treatments stabilized at 1 day after 
exposure, whereas mortalities from avermectin, imidacloprid and Phloxine B did not 
stabilize until 2 days after exposure, suggesting a slow action of these toxicants. During 
the bioassay, a quick knockdown response was observed among flies tested in jars 
treated with imidacloprid at high concentrations. We also noticed that flies from jars 
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treated with high concentrations of Phloxine B spent more time regurgitating or sitting 
still rather than feeding during the 10 min test period. Consequently, fly mortality 
response from exposure to phloxine B leveled off at concentrations above 10 pg/cm2, 
which rendered the computer-calculated LC90 value unattainable. In order of LC90s by 
contact activity alone, acute toxicity was dimethoate > imidacloprid > avermectin > 
diazinon (Table 6). Phloxine B was not toxic to flies by contact activity alone. The 
toxicity of each insecticide from contact alone was substantially lower than from 
ingestion/contact, indicating that the addition of sucrose increased the effectiveness of 
each insecticide in killing exposed flies. 
Sphere Bioassav 
In bioassays designed to determine the acute toxic response of flies to 
commercial insecticide products incorporated with paint and sucrose applied to spheres, 
dimethoate proved twice as toxic as imidacloprid as judged by LC90s (Table 7). 
However, the toxicity of both insecticides was substantially less than that estimated 
from glass jar bioassays receiving technical-grade formulations (Tables 5 versus 7). For 
LC90s, technical-grade dimethoate was 96 times more toxic in the glass jar bioassay than 
Digon 400 EC in the sphere bioassay, and technical-grade imidacloprid was 290-fold 
more toxic than Provado 1.6 F. At high concentrations (>4.0pg A.I./ cm2), Provado 
produced a knockdown effect within the 10 min exposure period, with only a very low 
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proportion («0-7%) of flies in a knockdown state recovering during the 3-day period 
after exposure. 
Residual Efficacy after Exposure to Simulated Rainfall 
In the bioassay designed to determine residual efficacy of insecticide-treated 
spheres retreated with 20% sucrose after rainfall, significant differences were detected 
among insecticide treatments in the proportion of flies killed (F[4] = 24.12, P < 0.001) 
and among amounts of accumulated rainfall affecting toxicity (F[6] = 3.64, P < 0.02) 
(Fig. 5). Before exposure to rainfall, fly mortality from exposure to spheres treated with 
Agrimek 0.15 EC, Digon 400 EC, Provado 1.6 F (all at 1.0% A.I.) and 25% diazinon 
(at 5% A.I.) in combination with paint was 95, 96, 96 and 96%, respectively. These 
mortalities were significantly higher than fly mortality from exposure to spheres treated 
with 5% phloxine B, which was 80% (F[4]= 8.13, P = 0.0035). The effectiveness of 
insecticide-treated spheres diminished gradually, regardless of treatment, after 
succeeding rainfall exposure events. Rainfall significantly reduced the killing power of 
both Agrimek- and phloxine B-treated spheres, whose effectiveness diminished 
completely after exposure to «7.6 cm (3 residual days) and «5.1 cm (2 residual days) of 
rainfall, respectively. In contrast, Digon- and Provado-treated spheres were little 
affected by rainfall and achieved consistently high residual activity against flies over the 
entire test period. Diazinon-treated spheres were moderately affected by rainfall and 
elicited less residual activity. At 5 and 6 residual days («12.7 and »15.2 cm of 
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accumulated rainfall), 86 and 85% of test flies were killed by exposure to Digon- and 
Provado-treated spheres retreated with sucrose, respectively, whereas only 72 and 65% 
of test flies died from diazinon-treated spheres (at the 5th day: F[4] = 5.24, P < 0.005; at 
the 6th day: Fw = 9.37, P < 0.003). The former two treatments killed almost as many 
flies (85-86%) as freshly treated spheres (96%). We discontinued bioassays of 
Agrimek- and phloxine B-treated spheres beyond 3 and 2 residual days respectively 
because of their extremely low residual activity. During the bioassays, we noticed that 
duration of feeding on Provado-treated spheres appeared noticeably shorter than that on 
Digon-treated and control spheres, between which there was no apparent difference. 
Residual Efficacy under Field Conditions 
Bioassays were designed to examine residual efficacy of spheres with different 
doses and formulations of insecticide and various exposure periods to field conditions. 
When assessed before exposure of the spheres, no significant differences in fly mortality 
were detected, regardless of dose or formulation of dimethoate and imidacloprid used 
(Fig. 6). As the weathering period progressed from 0 to 12 weeks, residual activity 
decreased correspondingly. In the 1996 trial, Digon-treated spheres (both 1.0 and 0.5% 
A.I.) exhibited the same level of killing power (>80% flies dead) as Provado-treated 
spheres (1.0% A.I.) up to 6 week following application (0 week: F[4]= 1.0, P = 0.91; 3 
weeks: F[2]= 2.3, P = 0.80; 6 weeks: F[2] = 3.19, P = 0.07). As time increased to 9-12 
week, spheres treated with Digon at 1.0% A.I. killed more flies (>80%) than the other 
two treatments (<70%) (9 weeks: F[2] = 7.35, P = 0.02; 12 weeks: F[2] = 4.3, P = 0.03). 
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In the 1997 trial, spheres treated with Merit at 1.5% A.I. or Digon at 1.0% A.I. were 
significantly better in killing flies than those treated with Merit at 0.5% A.I. or Provado 
at 1.5% A.I. over the entire test period (0 week: F[4] = 0.35, P = 0.84; 3 weeks: F[4] = 
3.05, P = 0.06; 6 weeks: F[4]= 3.47, P = 0.04; 9 weeks: F[4]= 73.25, P = 0.05; 12 weeks: 
F[4] = 16, P = 0.00). Mortality of flies from Merit-treated spheres was 83 and 62% for 
1.5 and 0.5% A.I. concentrations, respectively, after 12 week of weathering. Both of 
these values were greater than those for Provado-treated spheres at the same period of 
exposure (75 and 40%, respectively). Two years of data indicate that both Digon- and 
Merit-treated spheres, at 1.0 and 1.5% A.I. respectively, achieved >80% fly mortality 
after 12 weeks of exposure, with all other treatments exhibiting lower mortality. 
Results of a logistic regression analysis of data pooled from all insecticide 
treatments in 1996 and 1997 indicated that for spheres treated with a lethal dose of 
insecticide, the probability of mortality of flies was positively related to accumulated 
rainfall and week of exposure. Calculation of adjusted odds ratios based on logistic 
regression coefficients indicted that for Digon-treated spheres, accumulated rainfall 
(odds ratio = 1.04) was a more important cause of loss of effectiveness when compared 
with weeks of exposure (odds ratio = 0.95). For Merit or Provado-treated spheres, 
weeks of exposure (odds ratio = 0.97) and accumulated rainfall (odds ratio = 0.95) were 
weighted equally. 
The median lethal duration of fly feeding was essentially no different among 
sphere treatments before exposure to weather (F[4] = 3.25, P = 0.08) (Table 8). As time 
of weather exposure increased from 3 to 9 week, the median lethal duration of feeding 
on Merit-treated spheres increased correspondingly, with that from low concentration 
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increasing significantly (3 weeks: F[4]= 6.01 P = 0.018; 6 weeks: F[4]= 11.88, P = 0.003; 
9 weeks: F[4] = 125.9, P = 0.000). Within this period (3-9 weeks), no difference was 
detected among Digon-treated (1.0% A.I.) and imidacloprid-treated spheres (1.5% A.I.), 
regardless of formulation. As exposure duration increased to 12 week, the median lethal 
duration of feeding on 1.5% imidacloprid (either formulation) was significantly shorter 
than that on any other type of treatment (F[4] = 85.01, P = 0.000). Overall, the median 
lethal duration of feeding on spheres treated with Merit was shorter than that for 
spheres treated with Provado (not statistically significant, except for the 12-week 
exposed spheres). 
Discussion 
The ultimate goal of this investigation was to develop an environmentally safe 
lure-kill sphere trap that offers effective season-long control of apple maggot flies and 
probably other tephritids in commercial orchards. To reach this goal we set out to find a 
safe and effective substitute insecticide for dimethoate and to determine the optimal 
substitute formulation and dosage. Together, our data indicate that among the toxicants 
evaluated, imidacloprid is the most effective insecticide in killing R. pomonella females 
and is comparable to dimethoate in toxicity. As with dimethoate (Duan and Prokopy 
1995a), it is necessary to combine imidacloprid with a feeding stimulant because flies 
alighting on spheres must feed on the sphere surface to acquire a lethal dose of toxicant 
when the dose used is at a desirable minimum. Wooden spheres treated with Merit 75% 
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WP (a formulation of imidacloprid) at 1.5% A.I., or Digon 400 EC (a formulation of 
dimethoate) at 1.0% A.I., in the surface coating of gloss red latex paint and sucrose 
provided effective and long residual activity. More than 80% of flies died when feeding 
on such spheres (after retreatment with sucrose) that had been in an orchard for 12 
weeks. Other treatments, with either lower concentrations of insecticide or different 
commercial formulations, conferred less than 70% fly mortality. 
Insecticide toxicity based on laboratory data from tests with technical-grade 
formulations may not be directly applicable to field-use situations. Differences in 
insecticide formulations, solvents, methods by which a toxicant is expressed and 
environmental conditions can have impacts on the level of insecticide toxicity. 
Insecticide bioassays incorporating sucrose resulted in considerably greater fly mortality 
than bioassays with insecticide alone. Our data show that the LC90 values for both 
dimethoate and imidacloprid changed when solvent changed from acetone to latex paint 
and formulation changed from technical-grade to a commercial formulation. A similar 
result was observed by Duan and Prokopy (1995a) with azinphosmethyl. They found 
that addition of latex paint to 0.3% azinphosmethyl reduced mortality of apple maggot 
flies visiting treated spheres from 84% to 30%, but reported little effect of latex paint on 
toxicity of spheres treated with 1.05% A.I.. In the present study, the toxicity of paint- 
incorporated dimethoate was 93 times lower than without paint. Although this 
difference in toxicity from different studies may be related to difference in time from 
sphere preparation or to difference in fly population assessed, it is likely that the 
difference is related to the dosage used. In our study, only doses that caused >0 and 
<100% fly mortality were used for comparison. In the study of Duan and Prokopy 
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(1995a), a dose 156 times the LC90 value obtained in laboratory bioassays was used. 
Therefore, it is not surprising that no effect of latex paint on dimethoate effectiveness 
was detected using a dose that was strong enough to supercede any effect of latex paint. 
Reduction in insecticide toxicity after combination with latex paint could be a result of 
degradation of toxicant due to chemical interactions among active ingredients, inert 
ingredients, solvent and paint, or could be a result of physical encapsulation of 
insecticide within paint, resulting in less toxin available for uptake. We postulate that 
the encapsulation may explain the function of latex paint in extending the residual 
effectiveness of dimethoate and imidacloprid. Encapsulation of toxicant by paint might 
have slowed toxicant from reaching the sphere surface, thus limiting the amount of 
toxicant present on the surface and permitting a slow-release of toxicant. 
The overall ranking of insecticides obtained from acute toxicity bioassays, 
except for avermectin, correlated well with the results of residual efficacy bioassays of 
insecticide-treated spheres. Imidacloprid- and dimethoate-treated spheres resulted in 
consistently high residual efficacy in killing flies after exposure to either artificial 
rainfall (15.2 cm in 6 days) or to natural rainfall (24.6 cm in 12 weeks), with diazinon- 
treated spheres less effective. The results showed that imidacloprid can be effectively 
used in combination with red gloss latex paint to significantly extend its residual 
efficacy. Thus, imidacloprid can be a safe and effective substitute for dimethoate as the 
toxicant on insecticide-treated spheres for control of apple maggot flies. Our study also 
indicated that the residual efficacy of imidacloprid was influenced by concentration and 
formulation. At the same amount of A.I. of imidacloprid, spheres treated with a 
wettable powder formulation (Merit) in combination with latex paint showed greater 
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residual efficacy than spheres treated with a flowable formulation (Provado) after 12 
weeks of exposure to outdoor weather. With the same formulation of imidacloprid, 
spheres treated at 1.5% A.I. provided greater residual activity than spheres treated at 
1.0% or 1.5% A.I.. 
Behavior-modifying effects of insecticides on insects may sometimes be as 
important as direct toxicity in contributing to crop protection. For example, we had 
found that apple maggot females exposed to imidacloprid at sub-lethal levels laid fewer 
eggs than control flies regardless of method of administration (Hu and Prokopy 1998). 
Further tests will be needed to determine the impact of imidacloprid-treated spheres on 
female foraging and ovipositional propensity. Two other recent studies that utilized 
sugar/flour spheres containing imidacloprid (Provado F) in a surface coating of yellow 
latex paint showed that imidacloprid tended to immobilize Mediterranean fruit flies, 
Ceratitis capitata (Wiedemann) (Hu et al. unpublished) and Mexican fruit flies, 
Anastrepha ludens (Loew) (Prokopy et al. unpublished data) after ingestion. A greater 
reduction in ovipositional and intra-tree foraging capability was exhibited by C. 
capitata exposed to imidacloprid-treated spheres when compared with dimethoate- 
treated spheres (Hu et al. unpublished). Boiteau and Osborn (1997) reported that the 
potato aphid, Macrosiphum euphorbiae (Thomas), exhibited reduced flight propensity 
following ingestion of imidacloprid. The root weevil, Diaprepes abbreviatus L., 
showed slow larval development, reduced mobility and ecdysis, and starvation to death 
after exposure to imidacloprid (Quinlela and McCoy 1997). 
We expected that avermectin would be as effective on spheres as imidacloprid 
and dimethoate based on its acute toxicity from the glass jar bioassays. 
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Disappointingly, once incorporated with latex paint and sucrose and subjected to 
rainfall, the residual activity of avermectin was almost as slight as that of phloxine B, 
which lost its effectiveness after exposure to 5.1 cm of rainfall. Latex paint might have 
been ineffective in protecting avermectin from rainfall, with much toxicant washed off. 
Alternatively, some sort of reaction might have occurred among sucrose, chemicals in 
latex paint and avermectin (which has 3 active hydroxyl groups and a disaccharide 
substitute at C-13, Fisher & Mrozik, 1990), thus degrading the toxin to sub-products 
that might have been easily washed off. As for phloxine B, runoff was clearly the key 
factor leading to the loss of residual efficacy as evidenced by the red color of dye in 
washout from such spheres. Albrecht and Sherman (1987) reported that females of C. 
capitata and Dacus dorsalis Hendel were highly susceptible to avermectin by topical 
application. Also, Moreno and Mangan (1995) showed that phloxine B mixed with 
Mazoferm-fructose provided effective kill of Anastrepha ludens (Loew) at 
concentrations of 2 and 4% in a bait spray. Our study indicates that neither of these 
toxicants was suitable for use as a killing agent on lure-kill spheres for apple maggot 
control. 
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Table 5. Ingestion/contact toxicity of technical-grade insecticide on glass jars to 
apple maggot females. Fly mortality was evaluated 3 days after exposure 
Lethal concentration [|ig(A.I.Vcm2 ] 
Toxicant N1 LC50 (95%CL) LC90 (95%CL) SP +SEM 2 HET3 
Avermectin 420 0.186 (0.168-0.206) 1.406 (0.985-4.567) 2.17± 0.37 0.90 
420 0.171 (0.059-0.19) 0.327 (0.132-0.50) 3.2± 0.48 1.03 
Diazinon 360 1.098 (0.234-1.81) 5.687 (3.70-17.39) 3.07± 0.62 2.92 
Dimethoate 360 0.171 (0.06-0.186) 0.329 (0.197-0.50) 3.5± 0.59 0.72 
Imidacloprid 420 0.008 (0.003-0.014) 0.238 (0.522-0.825) 1.49±0.21 1.25 
420 0.006 (0.001-0.014) 0.211 (0.086-1.196) 1.43±0.224 1.63 
Phloxine B 240 0.63 (0.3-1.5)4 — 1.7±0.4 1.24 
240 0.392(1.0-9.3)4 — 1.7±0.4 1.05 
1. The number of insects tested 
2. Slope ± standard error 
3. The heterogeneity factor (the chi-square value divided by the degree of freedom) 
(LeOra Software, 1987). 
4. The confidence limits for LCs are at 90% level. No confidence limits at 95% level 
were computed because g > 0.50. 
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Table 6. Contact toxicity of technical-grade insecticide on glass jars to apple 
maggot females. Fly mortality was evaluated 3 days after exposure 
Lethal concentration [pg(A.I.)/cm2 ] 
Toxicant N1 LC50 (95%CL) LC90 (95%CL) SP ±SEM2 HET3 4 
Avermectin 420 0.347 (0.216-0.410) 3.950(1.058-7.001) 1.67± 0.29 1.32 
420 0.230 (0.154-0.423) 2.180 (0.568-5.511) 2.98± 0.37 1.40 
Diazinon 360 9.351 (0.234-1.81) 12.86 (8.742-21.09) 3.12+0.37 2.65 
Dimethoate 360 0.256 (6.266-10.89) 0.702 (0.429-1.389) 3.28+ 0.51 0.92 
Imidacloprid 420 0.067 (0.035-0.222) 1.595 (0.532-4.500) 1.38±0.38 0.68 
420 0.054(0.021-0.259) 1.595 (0.500-4.350) 1.2510.37 0.49 
Phloxine B 240 — — — 
240 — — — — 
1. The number of insects tested 
2. Slope± standard error 
3. The heterogeneity factor (the chi-square value divided by the degree of freedom) 
(LeOra Software, 1987). 
4. No mortality detected. 
68 
Table 7. Ingestion/contact toxicity of commercially formulated insecticide to apple 
maggot females when incorporated with latex paint and sucrose applied to wooden 
spheres. Fly mortality was evaluated 3 days after exposure 
Lethal concentration [qgtA.T.Vcm2] 
Toxicant N! LC50 (95%CL) LC90 (95%CL) SP +SEM2 HET3 
Digon 400 EC 
(Dimethoate) 
150 18.71 (0.963-3.941) 31.84 (2.154-5.368) 2.41± 0.25 0.87 
Provado 1.6 F 
(Imidacloprid) 
150 23.92 (0.509-5.446) 61.08 (3.887-9.802) 2.29±0.31 1.01 
1. The number of insects tested 
2. Slope± standard error 
3. The heterogeneity factor (the chi-square value divided by the degree of freedom) 
(LeOra Software, 1987). 
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Table 8. Median lethal duration (sec) of feeding (Mean±SEM) of apple maggot 
females on weathered insecticide-treated spheres retreated with 20% sucrose in 
1997 trials 
Exposure duration (weeks) 
Treatment 
0 3 6 9 12 
Dimethoate (1.0% A.I.) 
(Digon 400 EC) 
28(1.4)a 47 (3.0)b 55(2.0)b 90(3.6)b 183(4.9)c 
Imidacloprid(1.5% A.I.) 
(Merit 75% WP) 
20(2.3)a 35(4.2)b 40(1.3)b 45(2.l)b 60(4.9)d 
Imidacloprid(1.5% A.I.) 
(Provado 1.6 F) 
20(1.5)a 40(3.2)b 45(3.2)b 50(2.l)b 100(7.8)d 
Imidacloprid(0.5% A.I.) 
(Merit 75% WP) 
30(2.5)a 75(5.l)a 180(6.8)a 210(5.5)a 240(10.3) b 
Imidacloprid(0.5% A.I.) 
(Provado 1.6 F) 
30(5.3)a 80(17.4)a 182(45.8)a 240(17.3)a 300(20.4)a 
F value 3.25 6.01 11.88 125.86 85.01 
P value 0.079 0.018 0.003 0.000 0.000 
Values in a column followed by the same letter are not significantly different (p>0.05) 
according to LSD tests. 
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Artificial rainfall (cm) 
Figure 5. Residual efficacy of insecticide-treated spheres, in relation to 
accumulated artificial rainfall exposure, on mortality (Mean ± SEM) of Rhagoletis 
pomonella females. Spheres were retreated with 20% sucrose before testing. 
Females were 10-15 days old and were exposed to spheres for a maximum of 10 
minutes. Mortality was estimated 3 days after exposure. Values for mortality are 
corrected data based on concurrent control values. 
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Accumulated rainfall (cm) 
(Wk of exposure) 
(0) (3) (6) (9) (12) 
Accumulated rainfall (cm) 
(Wk of exposure) 
Figure 6. Effectiveness of insecticide-treated spheres weathered under natural 
conditions for 12 weeks on mean mortality (Mean ± SEM) of Rhagoletis pomonella 
females, Spheres were transferred into the laboratory every 3 weeks and retreated 
with 20% sucrose before testing. Females were 10-15 days old and were exposed to 
spheres for a maximum of 10 minutes. Mortality was estimated 3 days after 
exposure. Vales for mortality are corrected data based on concurrent control 
values. A, 1996 test; B, 1997 test. 
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CHAPTER 5 
EFFECTS OF SUGAR/FLOUR SPHERES COATED WITH PAINT AND 
INSECTICIDE ON ALIGHTING FEMALE CERATITIS CAPITATA (DIPTERA: 
TEPHRITIDAE) FLIES 
Abstract 
We studied the behavior and fate of mature, wild-origin Mediterranean fruit fly 
females, Ceratitis capitata (Wiedemann), allowed to feed on sugar/flour spheres (7-cm- 
diam) coated with yellow latex paint containing either no insecticide, dimethoate (1.5% 
A.I.) or imidacloprid (1.5% A.I.). Females feeding on imidacloprid-treated spheres for 
20 sec exhibited very little tendency to forage within host plants or to lay eggs either 
shortly after or 24 h after feeding, and suffered high mortality within 48 h. In contrast, 
females feeding on dimethoate-treated spheres for 180 sec exhibited a tendency to 
forage within host plants and to lay eggs about equal to that of females feeding on 
untreated spheres shortly following exposure, although they suffered high mortality 
within 24 h. In a field test, imidacloprid-treated spheres provided a significant level of 
protection of fruit from oviposition by C. capitata during 24 h periods (equal to that 
provided by sticky yellow spheres), whereas dimethoate-treated spheres did not. 
Key Words: Imidacloprid, Med Fly, Behavior 
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Introduction 
The Mediterranean fruit fly, Ceratitis capitata (Wiedemann), is an important 
pest of fruits and vegetables on several continents. A variety of traps has been 
developed for capturing C. capitata females and males (Heath et al. 1995), including 
sticky-coated fruit-mimicking sphere traps (Nakagawa et al. 1978, Cytrynowicz et al. 
1982, Katsoyannos 1987, Katsoyannos and Hendrichs 1995). Yellow spheres have 
proven to be the most attractive colored spheres for C. capitata females, especially 
when 7 cm diam in size (Katsoyannos 1987). 
Another tephritid, the apple maggot fly, Rhagoletis pomonella (Walsh), has been 
successfully controlled in commercial apple orchards using sticky-coated red wooden 
spheres (8-cm-diam) hung on every tree in an orchard (when unbaited) or on perimeter 
apple trees (when baited) so as to surround an orchard (Prokopy and Mason 1996). 
Because considerable labor and expense are associated with cleaning such spheres every 
other week to maintain fly-capturing effectiveness (Duan and Prokopy 1995b), an 
alternative to the sticky coating as the fly killing agent has been sought in the form of a 
mixture of pesticide, fly feeding stimulant and residue extending agent that could be 
applied to the sphere surface and kill alighting flies through ingestion of pesticide (Duan 
and Prokopy 1995b). Less pesticide (2-fold) is required to achieve mortality via 
ingestion than through tarsal contact alone (Duan and Prokopy 1995a). One 
shortcoming of this approach, however, has been rapid disappearance of fly feeding 
stimulant (sugar) during rainfall (Duan and Prokopy 1995a). To address this 
shortcoming, a new type of sphere has been created to replace wood as the sphere body 
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(Hu et al. 1997). It consists of sugar entrapped in a mixture of gelatinized flour and 
glycerin. These ingredients are formed into a sphere, which is then dried and coated 
with a mixture of latex paint and insecticide. A sphere of this sort maintains a 
continuous supply of fly feeding stimulant on the sphere surface, even under rainfall, 
with latex paint acting as a residue extending agent for the insecticide (Hu et al. 1997). 
To date, two insecticides have shown more promise than any others tested when 
combined with latex paint applied to sugar/flour spheres: dimethoate (Duan and 
Prokopy 1995a) and imidacloprid (Hu and Prokopy 1998). 
Here, we evaluated the potential of insecticide-treated yellow-colored 
sugar/flour spheres for use in controlling C. capitata females by comparing the 
effectiveness of dimethoate and imidacloprid. First, we asked which of these two 
insecticides ultimately yielded the greatest reduction in oviposition and the greatest 
mortality of alighting females. Next, we asked which of these two insecticides most 
strongly reduced intra-plant foraging and ovipositional activities of females between the 
time of alighting on spheres and the occurrence of mortality. Finally, we asked which 
of these two insecticides on spheres offered the greatest degree of protection of fruit 
against C. capitata oviposition. 
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Materials and Methods 
Insects 
C. capitata used in all greenhouse trials originated as larvae from infested fruit 
collected in Hilo, Hawaii. Upon eclosion, both sexes were maintained together in 
30x30x30 cm cages supplied with enzymatic yeast hydrolysate, sucrose and water until 
females were mature and tested at 14-21 days of age. Females were deprived of all 
food, but not water, 18 h before initial testing. 
Spheres 
Spheres used in all experiments were similar to those described by Hu et al. 
(1998). Sucrose (60 g) was dissolved in fructose syrup (55 ml), water (40 ml) and 
glycerin (20 ml). Pregelatinized com flour (50 g) and wheat flour (50g) were added, 
mixed and heated in a microwave oven. The resulting dough was allowed to cool 
before it was formed into a 7-cm-diam sphere which was then threaded with a wire to 
facilitate hanging. The sphere was then dried in an oven, after which it received a coat 
of gloss yellow latex enamel paint (Glidden , Cleveland OH) as protector. Then spheres 
received a second coating of the same paint containing either 1.5% A.I. of dimethoate 
(Digon 400, Wilbur-Ellis, Fresno CA), 1.5% A.I. of imidacloprid (Provado, Bayer, 
Kansas City, MO) or no insecticide, which we term dimethoate-treated, imidacloprid- 
treated or untreated spheres, respectively. Due to constraints of fly availability, we 
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began testing one day after spheres received the second coating of paint. To elicit fly 
feeding response, 20% sucrose was added to the paint applied in the second coating. 
Three days are usually required for sufficient sucrose from the sphere body to penetrate 
the paint layer and stimulate fly feeding (Hu et al. unpublished). For brevity, we 
hereafter consider the second coating simply as a mixture of latex paint and insecticide, 
not explicitly acknowledging the sucrose present in the mixture at application. 
Greenhouse Experiments 
Greenhouse experiments were conducted at Kauai Agricultural Research Center 
(Kauai, Hawaii) using 70x70x70 cm screen cages (open to the front), and protected 
above from direct sunlight with a covering of white paper. Each cage contained a small, 
non-fruiting potted coffee plant whose canopy was approximately 50 cm diam and had 
approximately 50 leaves. A sphere was hung near the front edge of the canopy. From 
0900-1600 h, we released females singly onto the surface of a sphere, using a small 
piece of paper dipped in a 20% sucrose solution attached to a probe to transfer the fly 
from a holding cage to the sphere. In the first greenhouse experiment, each female was 
allowed to remain on a sphere until it departed or fell due to poisoning. Total duration 
of stay and total time of feeding were recorded. Each fly was then transferred 
immediately to a 120 cm3 plastic cup containing sucrose, water and an uninfested 
kumquat as an ovipositional site. After 48 h, the female was classified as being alive, 
dead or moribund (able to move but not crawl or fly and considered dead in data 
analysis) and the number of eggs laid was counted. 
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In the second greenhouse experiment, females were again transferred 
individually onto a sphere but allowed to feed only for a prescribed maximum amount 
of time, which was equivalent to the median duration of feeding in the first experiment: 
220, 180 and 20 sec, respectively, for untreated, dimethoate-treated, and imidacloprid- 
treated spheres. Following feeding for this length of time or following departure or 
falling from a sphere (if a female left before reaching this allowable duration of 
feeding), we immediately transferred the female onto a leaf at the center of the plant 
canopy and removed the sphere from the cage. We recorded duration of fly stay on the 
plant (up to 15 min) and counted all leaves visited by flight or crawling within this 
period as a measure of foraging propensity. Thereafter, the female was transferred to a 
kumquat fruit hung from the plant. We counted all ovipositional bouts of the female 
during the next 5 min as a measure of propensity to oviposit. After this, the female was 
transferred to a plastic cup with sucrose and water for 24 h, at which time females still 
alive were again assessed by repeating the above protocol. 
Field Experiment 
In a field experiment, we compared the number of eggs laid by wild-population 
C. capitata females in kumquats protected by pesticide-treated or sticky-coated 
sugar/flour spheres or in unprotected kumquats. The experiment was conducted at a 
coffee plantation (Kauai, Hawaii) harboring a moderate population of females that had 
virtually no access to natural oviposition sites because nearly all coffee berries had been 
picked or fallen. Approximately 3 m from the end of each of 20 rows of coffee plants 
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and approximately 10 m from the nearest neighboring test sites, we hung two uninfested 
kumquats approximately 6 cm apart, attached to branchlets by twist ties. We also hung 
two same-type spheres, each approximately 12 cm from the nearest kumquat. We 
cleared the area nearby of leaves to permit visibility of fruits and spheres. Each site was 
baited with an aqueous extract of ripe coffee fruit as an ovipositional attractant (Prokopy 
et al. 1997) and an aqueous solution of Nulure as a feeding attractant (Steiner 1952; 
Wakabayashi and Cunningham 1991). Solutions were applied to cotton dental wicks in 
separate glass vials. There were five replicates of each of four treatments: no spheres, 
or sugar/flour spheres coated either with sticky, with paint containing 1.5% A.I. 
dimethoate, or with paint containing 1.5% A.I. imidacloprid. Initially, we included 
pesticide-free sugar/flour spheres as a fifth treatment. Unfortunately, on the first day, 
curious bypassers damaged some of these spheres. Because we had no replacements, 
we were obliged to begin the experiment anew without this treatment. Treatments 
within a replicate were rotated daily for 4 days (i.e., until each treatment was at each site 
once). Kumquats were removed daily for counting eggs and replaced with fresh 
kumquats. Odor attractants were renewed daily. 
Data Analysis 
All data obtained, except those analyzed as proportions, were subjected to square 
root transformation to stabilize variance. For data in Table 9, differences in percent 
mortality among treatments were compared using a Chi-square test for heterogeneity. 
All other data in Table 9 were subjected to one-way ANOVA. In Table 10, duration of 
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fly residence on plants was divided into 3 groups (1-120 sec, 121-300 sec and 301-900 
sec). Data were analyzed using chi-square tests for heterogeneity. Other data in Table 
10 were subjected to one-way ANOVA (for data 0 h after exposure) or Kruskal-Wallis 
nonparametric one-way ANOVA (for data 24 h after exposure). Field test data in Table 
11 were subjected to one-way ANOVA. 
Results 
Greenhouse Experiments 
In the first greenhouse experiment (Table 9), females stayed significantly longer 
on untreated than on dimethoate- or imidacloprid-treated spheres and fed significantly 
longer on untreated and dimethoate-treated spheres than on imidacloprid-treated 
spheres. During the next 48 h, under confinement with food and fruit, females that had 
been on untreated spheres laid about 10 times more eggs than females that had been on 
dimethoate- or imidacloprid-treated spheres. At 48 h, few females that had been on 
untreated spheres were classified as dead compared with females on insecticide/sugar 
treated spheres (Table 9). 
In the second greenhouse experiment (Table 10), when assessed for propensity 
to forage on fruitless coffee plants immediately after feeding on a sphere for an amount 
of time equivalent to the median value observed in the first greenhouse experiment, 
females from imidacloprid-treated spheres behaved significantly different from females 
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on untreated or dimethoate-treated spheres. The former visited only 11% as many 
leaves and made only 14% as many flights as females from dimethoate-treated spheres, 
which were not significantly different in these characteristics from females from 
untreated. Moreover, when exposed to kumquat fruit for 10 minutes upon departure or 
removal from a plant, females from imidacloprid-treated spheres engaged in only about 
10% as many ovipositional bouts as females from dimethoate-treated or untreated 
spheres. At 24 h, only 7% of females from untreated spheres were dead compared with 
80 and 47%, respectively, of females from dimethoate- and imidacloprid-treated 
spheres. In the second greenhouse experiment, females alive at 24 h post-exposure to 
spheres were re-evaluated for foraging propensity. Essentially, none of those from 
dimethoate- or imidacloprid-treated spheres were found visiting leaves by either flying 
or crawling (Table 10). Those from imidacloprid-treated spheres remained largely 
motionless. Numbers of ovipositional bouts per female were initially about the same as 
those found at 0 h after exposure to spheres for each treatment. 
Field Experiment 
In the field experiment, imidacloprid-treated spheres protected kumquats over 24 
h periods against oviposition by wild C. capitata females to a degree equal to that 
afforded by sticky spheres and numerically (although not significantly) better than that 
provided by dimethoate-treated spheres (Table 11). Among all tephritid females 
captured on the sticky spheres, 94% were C. capitata, suggesting a very high probability 
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that the tephritid eggs in the kumquats were deposited by C. capitata, not by other 
tephritid flies. 
Discussion 
Our findings indicate that sugar/flour spheres containing the insecticide 
imidacloprid at 1.5% active ingredient in the surface coating of yellow latex paint are 
highly effective in immediately immobilizing C. capitata females that alight and feed 
upon them for at least 20 sec. Such females were essentially unable to forage within 
host plants and had a low propensity to lay eggs either minutes after or a day after 
exposure to spheres. Nearly 50% died within 24 h and 85% died within 48 h of feeding. 
In contrast, females alighting and feeding for at least 180 sec upon sugar/flour spheres 
containing the insecticide dimethoate at 1.5% active ingredient in the surface coating of 
yellow latex paint were not immobilized immediately after feeding and in fact were able 
to forage within host plants and lay eggs equally as well as females that fed on 
sugar/flour spheres lacking insecticide. It was only after some undetermined amount of 
time (but less than 24 h) following feeding on sugar/flour spheres containing dimethoate 
that females from such spheres suffered ill effects and a high probability of death. 
Even though in the field experiment, imidacloprid-treated spheres offered a significant 
degree of protection of kumquats against egglaying by C. capitata over 24 h periods, 
whereas dimethoate-treated spheres did not, research needs to be carried out to 
determine if imidacloprid-treaded spheres have as much residual activity as dimethoate- 
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treated spheres following the weathering action of rainfall and sunlight. In this vein, we 
did in fact exposed imidacloprid-treated, dimethoate-treated and untreated spheres to 
outdoor weather for 3 weeks following the experiments reported here but found that C. 
capitata females were very reluctant to feed on any of the spheres, even though to 
human taste, there was ample sugar on the sphere surface. A high proportion of the 
surface of each exposed sphere was covered with growth of microorganisms, which 
seemingly acted to deter fly feeding. These factors, along with identification of 
powerful odors to attract mature C. capitata females to yellow spheres (Katsoyannos et 
al. 1997, Prokopy et al. 1997), will need to be examined further to allow development of 
yellow sugar/flour spheres for potential direct control of C. capitata. 
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Table 9. Behavior, ovipositional propensity and fate of Ceratitis capitata females 
during or after exposure on yellow paint/sugar-coated sugar/flour spheres in 
greenhouse assays 
Type of Sphere 
Parameter Measured No. Females 
Tested 
Untreated Treated with 
Dimethoate 
Treated with 
Imidacloprid 
Mean Duration of Stay (sec)a 20 564a 344b 238b 
Mean Duration of Feeding 
(sec)a 
20 333a 231a 42b 
Mean No. Eggs Laid when 
Confined with Kumquats 
during Next 48 ha 
20 9.9a 1.0b 1.0b 
% Mortality after 48 hb 20 5 90 85 
a Values within the same row followed by the same letter are not significantly different 
according to one-way ANOVA (following square root transformation) and the least 
significant difference test criterion at the 0.05 level. For mean duration of stay, F = 7.67, 
df = 59, P < 0.001. For mean duration of feeding, F = 10.61, df = 59, P < 0.0001. For 
mean number of eggs laid, F = 23.99, df = 59, P < 0.000. 
b There is a significant difference among values in this row according to a Chi-square 
test for heterogeneity (P <_0.0001). 
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Table 11. Protection of kumquat fruit by paint/sugar-coated sugar/flour spheres 
against oviposition by C. capitata females in the field 
Mean No. Eggs Laid in Kumquats Protected bya 
No. Replicates No Spheres Dimethoate Imidacloprid Sticky Spheres 
Per Treatment Spheres Spheres 
20 18.3a 14.5ab 7.4b 8.3b 
aValues followed by the same letter are not significantly different according to the least 
significant difference test criterion at the 0.05 level. F = 3.50, df = 19, P < 0.033. 
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CHAPTER 6 
EFFECTS OF pH ON FEEDING RESPONSES IN THE APPLE MAGGOT FLY, 
RHAGOLETIS POMONELLA (DIPTERA: TEPHRITIDAE) 
Abstract 
Phagostimulatory effects of pH values of sucrose on Rhagoletis pomonella 
adults were studied in the laboratory. Flies were standardized for age, diet and food 
deprivation. Two presentation schemes were employed. The first varied pH value (3.0- 
10.0) with sucrose concentration kept constant at 40%. The second varied both sucrose 
concentration (8%, 24% and 40%) and pH value (5.0-8.0). Fly feeding propensity was 
evaluated by observation of fly acceptance or rejection of sucrose and duration of 
feeding. When tested on red wooden spheres treated with 40% sucrose, fly feeding 
acceptance was significantly greater when pH ranged from 5.0-8.0, and duration of 
feeding was significantly longer at pH 6.0-7.0. At pH < 4.0 or pH > 9.0, feeding 
propensity was significantly reduced. Decrease in sucrose concentration significantly 
increased fly sensitivity to pH. Males were more responsive to varying pH than 
females. The sucrose pH shown to stimulate maximal feeding response was 6.4. Such 
information is relevant to formulation improvement of a coating mixture of sucrose and 
insecticide applied to red spheres as part of apple maggot fly control programs. 
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Introduction 
The apple maggot fly, Rhagoletis pomonella (Walsh), is a principal pest of 
apples in eastern and Midwestern North America. Recently, pesticide-treated, odor- 
baited, 8-cm red wooden spheres have been developed as an alternative to conventional 
insecticide sprays or sticky coated spheres for direct fruit fly control. Such spheres are 
coated with a mixture of sugar (feeding stimulant), pesticide (killing agent), and latex 
paint (pesticide residue-extending agent). The color, size and shape of the spheres, 
coupled with synthetic host fruit odor, attract flies to land on the sphere surface. 
Alighting flies are stimulated to feed by sugar incorporated in the sphere coating, 
whereupon flies ingest toxicant and die. Duan and Prokopy (1993) determined that 
sucrose is a strong feeding stimulant for apple maggot flies and that latex paint performs 
well in extending toxicant residual activity. However, a constraining factor in 
employing lure-kill spheres for control of flies has been the rapid washout of sucrose by 
rainfall. Prolonged sucrose activity is needed to maintain sphere efficacy. 
Toward this end, we synthesized a sugar product by reacting sucrose and 
gelatinized com flour with sodium hydroxide followed by cross-linking with calcium 
chloride (Hu et al. 1998). This product, having low water solubility, was intended as an 
alternative to pure sugar. Unfortunately, it was stable only under alkaline conditions. 
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Although it contained 40% sucrose, preliminary tests revealed that flies showed little 
propensity to feed on this sugar product because of its high pH value. Furthermore, we 
observed perplexing variability in feeding behavior when flies were offered pure 
sucrose of different pH values. 
A literature search revealed little information on the effect of feeding stimulant 
pH on insect propensity to feed, although other sorts of pH-dependent effects have been 
documented in physiological (Chapman and de Boer 1995, Cooper and Vulcano 1996) 
and electrophysiological studies (Shiraishi and Morita 1969, Hara 1976, Bowdan 1984, 
Albert et al. 1997). Regarding tephritid flies, attention has been devoted to pH effects 
on diet used in mass rearing of larvae (e.g. Funke 1983, Vargas et al. 1984, Karsaburan 
et al. 1988, Chan and Jang 1995) and odor-bait attractiveness to adults (e.g. Flath et al. 
1989, Heath et al. 1994). To our knowledge, no study has been done on the significance 
of food pH effects on feeding responses of adult tephritids. Regarding other groups to 
our knowledge, the only previous studies of effects of pH on feeding behavior of adult 
insects have been on aphids (Walters et al. 1990), whiteflies (Berlinger et al. 1983), and 
leafhoppers/planthoppers (Vega et al. 1995). 
Here, we evaluated (1) phagostimulatory effects of sucrose at different pH 
levels, as revealed by observation of initial acceptance or rejection of sucrose by apple 
maggot flies and duration of feeding, (2) effects of sucrose concentration on fly 
sensitivity to pH, and (3) sensitivity of different sexes to sucrose pH. 
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Materials and Methods 
The study was conducted by testing fly responses to red wooden spheres coated 
with mixtures of sucrose and red latex paint adjusted to various pH values. Red wooden 
spheres treated with 40% sucrose solution were used as controls (pH 6.5). To prepare 
each treatment and control, sucrose was dissolved in red latex paint (Glidden, bright red 
latex gloss enamel, Cleveland, Ohio) at prescribed ratios. Using an Accumet 1001 pH 
meter (Fisher Scientific, Pittsburgh, PA), each mixture was adjusted to the desired pH 
value by acidifying the mixture using citric acid (IN) or alkalizing it by adding NaOH 
(0.5N) solution. Each mixture was brushed onto an 8-cm diameter wooden sphere and 
allowed to dry for at least 3 days before testing. Latex paint was used as a carrier. 
Duan and Prokopy (1995) revealed that by itself, the paint has no influence on feeding 
behavior of flies. In preliminary tests with red spheres treated with 40% sucrose in latex 
paint vs. red spheres treated with 40% sucrose solution alone, both at either pH 3 or 10, 
we also found no significant difference in female feeding propensity. Hereafter, we 
consider the sucrose/latex paint treated spheres simply as sucrose-treated spheres, not 
explicitly acknowledging the association of latex paint with sucrose. 
Insects 
Flies used for the tests originated from infested mixed varieties of apple fruit, 
collected the previous year from unsprayed trees in Amherst, Massachusetts. Upon 
emergence, both sexes were maintained together in 30x30x30 cm aluminum 
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screen/Plexiglas cages at ca. 25 °C and 70% relative humidity under an 18-h 
photoperiod. The flies were provided with distilled water and a mixture of protein and 
sugar as food [a 5x7 cm strip of filter paper dipped in an aqueous slurry of enzymatic 
yeast hydrolysate and sucrose (1:3 ratio) respectively, dried before use]; the latter was 
removed 10 h before testing. Flies tested were 10-15 days old and considered mature 
(Duan and Prokopy, 1993). 
Protocol 
Bioassays were conducted in 30x30x30 cm Plexiglas-screen observation cages 
in the laboratory, and took place during the summers of 1995-1997. Sucrose-treated or 
control spheres were hung from the ceiling of each cage. Flies were introduced 
individually onto the surface of a sphere, using a small piece of paper attached to a 
probe. Fly feeding response and behavior were observed for a prescribed period. 
In experiment 1, we assessed feeding propensity of females on a selected range 
of pH values (3, 4, 5, 6, 7, 8, 9, 10) of 40% sucrose in paint. Each cage contained a test 
sphere and a control sphere. In preliminary tests, we found that fly ability to 
discriminate different pH values of sucrose at the same sugar concentration was reduced 
if the fly was tested on a control first. Therefore, a female was introduced first onto a 
test sphere. Acceptance was recorded if the female lowered its proboscis and fed 
continually for more than 10 sec; otherwise (either the fly fed less than 10 sec or flew 
away without feeding), rejection was recorded. Immediately thereafter, the fly was 
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transferred onto the control sphere and the bioassay was repeated. Three replicates of 
10 females each were conducted for each treatment. 
In experiment 2, we assessed duration of fly feeding elicited by sucrose 
associated with different pH levels. Tests were performed with females on sugar-treated 
spheres (40% sucrose) with a pH value of 3, 4, 5, 6, 7, 8, 9, or 10 and on controls with 3 
replicates of 10 females each. Females were tested individually. They were allowed to 
feed for 5 min or until departure from a sphere before reaching this allowable duration 
of feeding. Our years of research has indicated that 5 min of feeding on lure-kill 
spheres is enough for flies to be killed. The feeding duration of 5 min has been used in 
our other studies on lure-kill sphere effectiveness against this pest. 
In experiment 3, we evaluated sensitivity of females to pH in relation to sucrose 
concentration. Three concentrations of sucrose in latex paint were prepared: 8, 24 and 
40% sucrose. The threshold for stimulation of fly feeding on sucrose is known to be 8% 
(Duan and Prokopy, 1993). Each sucrose concentration was adjusted to one of seven 
pH levels: 5.0, 5.5, 6.0, 6.5, 7.0, 7.5, or 8.0. Bioassays were conducted with 3 replicates 
of 10 females each. Acceptance or rejection was recorded as in experiment 1. 
In experiment 4, we compared the sensitivity of females vs. males to sucrose 
having different pH values. Because the results of experiment 3 revealed that a high 
concentration of sucrose reduced female sensitivity to pH, we chose spheres having 8% 
sucrose for this test, in which pH values ranged from 3 to 10. The experimental 
protocol involved simultaneous comparison of female vs. male propensity to feed and 
was the same as that of experiment 1. 
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Statistical Analysis 
Data were analyzed using the computer program Statistix 4.0 (Analytical 
Software, Tallahassee FL), unless otherwise indicated. Data from experiments 1, 3 and 
4 on fly feeding responses were converted to percentages. Percentages were adjusted 
using an arcsine transformation to stabilize variances prior to analysis (Snedecor and 
Cochran, 1980). Pairs of percentages of one treatment vs. control (experiment 1) were 
analyzed with a paired t test and those of females vs. males (experiment 4) with a two- 
sample t-test at P = 0.05. Data on female response to pH of 40% sucrose (experiment 1) 
and 8% sucrose (experiment 4) were analyzed using a polynomial regression trend-line 
procedure to calculate optimal pH value for eliciting maximum acceptance of sucrose 
by females (Microsoft Excel 5.0/95 Workbook). All the statistical analyses were 
performed using a one-way ANOVA with the least significant difference method (LSD) 
used at the 5% level to compare among treatment means. 
Results 
Female Feeding Sensitivity to Sucrose of Different pH Values 
When assessed for feeding propensity on spheres having 40% sucrose, females 
rejected spheres that were adjusted to > pH 9 or < pH 4 significantly more often than 
controls (Fig. 7). Less than 40% of females tested on spheres of pH 4 (t[4]= 5.3, P = 
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0.03) and pH 9 (t[4] = 8.7, P = 0.01), and less than 20% of females on spheres of pH 3 
(t[4]= P = 0.01) and pH 10 (t[4] = 8.0, P = 0.01) were classified as accepting the 
treatments compared with more than 85% of females classified as accepting controls. In 
contrast, there were no significant differences between acceptance of sugar spheres 
having pH values of 5, 6, 7 or 8 and controls (t[4]= 4.0, 1.5, 0.5, 2.0 for pH 5, 6, 7, and 8, 
P > 0.05). Analysis of the data when pooled and subjected to ANOVA further showed a 
significant difference in fly feeding preference for spheres having pH values of 5-8 
compared to pH values of 3-4 and 9-10 (F = 230, P < 0.05). The regression 
2 
relationship between mean % female acceptance vs. pH value was Y = -7.38X + 
94.98X - 209.42 (R = 0.93). The calculated pH value for eliciting maximum 
acceptance of sucrose by females was 6.4. 
Duration of Feeding Elicited by Sucrose Associated with Different pH Values 
In experiment 2, females fed equally long on spheres of pH 6-7 [mean duration 
of feeding (MDF) = 283 and 285 sec, respectively] and control (MDF = 287 sec), 
followed by spheres of pH 5 or 8 (MDF = 253 and 259 sec, respectively) (Fig. 8). In 
contrast, a sharp drop of feeding duration occurred when females fed on spheres of pH 4 
or 9 (MDF < 20 sec) and pH 3 or pH 10 (MDF < 5 sec) (F = 395, P = 0.00). 
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Sensitivity of Females to pH in Relation to Sucrose Concentration 
In experiment 3, we evaluated responses of females to different sucrose 
concentrations in paint at different pH values (Fig, 9). The amount of sucrose 
influenced the level of female feeding response, with a significant increase in the mean 
% acceptance at concentrations of 24% and 40% (compared with 8%) and at pH values 
of 5, 5.5, 7.5 and 8.0 (F > 9, P < 0.02), but not at pH values of 6.0, 6.5 and 7.0. 
Indeed, at the latter 3 pH values, none of the three concentrations of sucrose differed 
significantly in eliciting fly feeding response (F < 1,3, P > 0.35). In contrast, when 
*“ " ' [2,6] 
the concentration of sucrose was decreased to 8%, fly sensitivity to pH at values other 
than 6.0, 6.5 and 7.0 was enhanced. The degree of acceptance of sucrose at pH 5-8 was 
essentially the same whether at concentrations of 24% or 40%. We also found that the 
proboscis extended fully and rapidly when the stimulant was 24% or 40% sucrose, but 
only partially and slowly when sucrose was at 8%. 
Sensitivity of Females vs. Males to Sucrose having Different pH Values 
In experiment 4, we compared feeding responses of females and males when 
presented with spheres treated with 8% sucrose at varying pH values (Fig. 10). There 
was no difference in feeding response to spheres at pH 6 (t[4] =0.01, P=1.00) and pH 7 
(t[4]= 0.71, P = 0.52) between males and females. Males were less prone to feed on 
spheres at pH 5 (t[4] = 1.52, P = 0.20) or pH 8 (t[4] = .89, P = 0.13) (although not 
significantly) than were females. Males showed significantly lower responses when 
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presented with sucrose at pH 4 (t[4] = 4.21, P = 0.01) or pH 9 (t[4] = 3.14, P = 0.03) and 
male acceptance levels were only 39% and 30%, respectively, of female acceptances. 
Response to sucrose at pH 3 and pH 10 was essentially absent in males, and only 
weakly present in females. Results for females were similar to the overall trend in 
experiment 1 (Fig. 7). The regression relationship between mean % female acceptance 
and pH value was Y = -6.72X2 + 86.52X - 199.53 (R2= 0.85). Further, the calculated 
pH value for eliciting maximum acceptance of sucrose by females was again 6.4. 
Discussion 
In our study, we chose not to use conventional quantitative measurement of 
feeding (measuring the consumption of liquid food) for three reasons. First, we wanted 
to reproduce the same route of exposure of apple maggot flies to sucrose as would be 
present on the surface of a lure-kill sphere in order to measure the true degree of feeding 
propensity. Second, dried sucrose was used in this study to eliminate a possible 
influence on fly feeding behavior caused by ingesting too much water (Hendrichs et al. 
1992). Third, data from feeding on liquid may not provide sufficient information from 
which to draw conclusions about the pH range of lure-kill spheres for pest management 
purposes. We did not engage in electrophysiological testing because Dethier (1976) 
cautioned that insects are more sensitive to variation in sucrose in behavioral assays 
than in electrophysiological assays. 
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Together, our findings demonstrated a strong influence of pH on both the 
propensity to feed and the duration of feeding by apple maggot flies on sucrose. 
Chemicals of natural origin are known to influence steps in post-alighting acceptance of 
fruit by apple maggot flies (Prokopy and Spatcher 1977, Papaj and Prokopy 1986, 
Averill et al. 1987, Frey et al. 1992). Such chemicals are normally perceived by contact 
chemoreceptors located on sensilla on the mouthparts or distal segments of prothoracic 
legs (Bowdan 1984). Acidity and alkalinity may affect these receptors, for example, by 
altering membrane proteins of receptor sites or by interfering with the interaction of the 
stimulus molecule with the receptor, hence affecting fly behavior. Besides possible 
alteration of chemoreceptors, another explanation that could account for a decreased 
propensity of flies to feed on spheres treated with sucrose at high or low pH is acid or 
alkali-induced changes in fly feeding processes triggered by sucrose (Guerenstein and 
Nunez 1994). In studies with sap-sucking insects, changes of diet pH can be detected 
by adults or nymphs, with consequent alteration of behavior. The potato aphid, 
Macrosiphum euphorbiae Thomas, was shown to prefer diets with pH 6 over neutral or 
weakly alkaline ones (Walters et al. 1990). Similarly, the tobacco whitefly, B. tobaci, 
could distinguish pH of artificial diets in increments as low as 0.25 units, with a 
preference for diets buffered to pH’s from 6.0-7.5 (Berlinger et al. 1983). The 
greenbug, Schizaphis granimum Rondani, preferred slightly alkaline diets (Dreyer et al. 
1981) whereas the cotton aphid, Aphis gossypi Glover, was less discriminatory and 
tolerated a somewhat wide range of pH, centered around neutrality (Auclair, 1969). 
Planthoppers, Peregrinus maidis Ashmead, feed less on diseased com plants due to the 
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pH of com phloem being lowered to 6.9 compared with healthy plants, where the 
average pH is 7.6 (Vega et al. 1995). 
Within a species, there are several factors that might influence an individual’s 
feeding in relation to pH of food, excluding environmental effects. Regarding the 
insect, factors include developmental stage, physiological state and nutrition of the 
individual, and the specific behavior performed by the individual. Regarding the food, 
factors are the concentration of feeding stimulant, and nutritional values of the feeding 
stimulant as food. 
Developmental stage-dependent effects of pH on insect feeding behavior have 
been documented. In tephritid fly studies, larvae appear to adapt to food more acidic 
than adults did in our study. Here, the optimal sucrose pH for inducing feeding 
response in apple maggot flies was shown to be pH 6.4. However, optimal development 
of apple maggot larvae occurred at pH 5.3 and diet pHs of < 4.0 and > 6.0 were found to 
delay larval development (Prokopy 1967). Mediterranean fruit fly, Ceratitis capitata 
(Wiedemann), adults are considered to prefer a slightly acidic (about pH 5.5) diet over 
neutral or weakly alkaline diets (personal communication, Daniel Moreno, USDA/ARS, 
Weslaco, TX), whereas the optimal diet pH for C. capitata larvae was determined to be 
5.0 (Chan and Jang 1995). Such differences in preferred or optimal food pH between 
adults and larvae could result from differences between larval host physiochemistry and 
the nature of adult food. For example, the larvae of apple maggot flies feed on apple 
flesh, which is usually acid, whereas adults feed on bird droppings, nectar and insect 
honeydew as natural sources of food (Hendrichs et al. 1992, Prokopy et al. 1993), which 
range in pHs from 5.5-6.5 (Hu and Prokopy, unpublished). 
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The physiological and nutritional state of an individual may influence feeding 
preference (Chapman and de Boer 1995, Simpson and Raubenheimer 1996). 
Acceptance levels of sucrose at pH values studied here were applied to those of hungry 
mature apple maggot flies. In studies comparing feeding response to sucrose of apple 
maggot flies in nature to response of flies maintained in laboratory cages, we found that 
laboratory flies that had been starved for 10 h best paralleled responses of flies in the 
field (Hu and Prokopy unpublished). 
Suitable pH level of a substance depends substantially on the kind of behavior 
that is affected. In this study of feeding, females discriminated against sucrose of pH 
levels below 5.0 and above 8.0 (when sucrose concentration was 40%). Averill et al. 
(1987) reported that egg-laying behavior of apple maggot flies was greatly affected by 
fruit surface pH. Females generally did not attempt to oviposit in host fruit that were 
exposed to acid rain of pH <3.8, which negatively affected sensory mechanisms that 
females used during recognition and acceptance of host fruit for oviposition. Females 
displayed normal oviposition behavior on fruit that were protected from rain or exposed 
to rain of higher pH (4.1-5.6). 
The effects of feeding stimulant pH on feeding behavior of apple maggot flies 
appear to be associated with concentration of feeding stimulant. The optimal pH range 
for fly feeding on spheres treated with sucrose concentrations > 24% was from 5.5-7.0, 
whereas that for feeding on spheres treated with 8% sucrose narrowed to 6.0-6.5. Flies 
showed apparent indiscriminate feeding on spheres treated with either 24% or 40% 
sucrose at pH values of 5-8 (Fig. 9). This suggests that high sucrose concentration itself 
is great enough to overcome negative effects of pH that become evident at low sucrose 
99 
concentrations, such as 8%. Even though, both of the mathematical models state the 
relationship of the phagostimutary power of sucrose (at concentration of 40% and 8%) 
varied with pH values predicts the same optimal pH value of 6.4. Averill et al. (1987) 
showed that pH inhibition of impulses from apple maggot fly sucrose receptors on tarsi 
was shifted from pH 2.5 to pH 2.0 when sucrose concentration decreased from 0.5M to 
0.01 M. Thus, it appears from the study of Averill et al. (1987) and from this study that 
the lower the concentration of sucrose, the greater the likelihood that pH will affect 
apple maggot fly behavior. When feeding propensity of females on spheres treated with 
8% sucrose was compared with that of males, we found that males were more sensitive 
to pH changes than females, except for pH 6-7. 
Effects of pH on the attractiveness of lures (protein baits) used in bait spray 
programs to tephritid flies has received much attention (Mazor et al. 1987, Flath et al. 
1989, Epsky et al. 1993, Heath et al. 1994). For example, the protein bait Nulure at pH 
8.6 proved more attractive to some tephritid flies [e.g. Ceratitis capitata (Wiedemann), 
Anastrepha ludens (Loew), and A. suspensa (Loew)] than the same bait at pH values 
lower than 8.6. Greater attractiveness at pH 8.6 has been thought to be related to 
maximal release of ammonia and other attractive volatiles from baits at this pH, rather 
than to pH value itself. However, these studies failed to provide critical information on 
post-alighting behavior of flies or fly response after alighting near the bait. Similar in 
principle to employing lure-kill spheres for apple maggot fly control, the challenge in 
fruit fly control using a bait spray program is not only to attract flies to bait, but also to 
elicit fly ingestion of bait (together with toxicant). The influence of pH on the feeding 
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behavior of tephritids on droplets of bait used in a bait spray program has not been 
studied. 
As pointed out in the introduction, this study was initiated to improve the design 
of lure-kill spheres for controlling apple maggot flies in orchards by formulating a 
sphere-coating mixture containing paint, toxicant and sucrose at optimum pH. It should 
be noted that the pH value of each treatment in this study might differ slightly from 
actual pH value. The paint used to dissolve sucrose contained about 50% water, and it 
was the concentrated residue following the evaporation of water that was tested. Averill 
et al. (1987) found that an acidic solution initially at pH 4.6 dropped to pH 4.1 
following 90% evaporation of water. Moreover, the pH scale is logarithmic; a change 
of 0.1 in pH value represents a substantial difference (approximately a 25% increase or 
decrease in hydrogen ion concentration and hence, in acidity or alkalinity). It should be 
also pointed out that the acid and base used to alter pH might influence slightly fly 
feeding response. Interaction of these compounds with the latex paint might result in 
unknown components that affect fly feeding behavior. Consequently, further study is 
needed to pinpoint more precisely how pH of sucrose or other buffers affects apple 
maggot fly feeding response, by using choice bioassay that perhaps allows better 
behavior discrimination in the pH 5-8 range for this fly. Also, it would be of value to 
examine how variation in pH of natural rainfall might affect feeding behavior of apple 
maggot flies on spheres treated with pesticide and sucrose. 
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Figure 7. Propensity of apple maggot females to accept (for feeding) spheres 
overlaid with 40% sucrose and 60% latex paint at various pH values vs. Control 
spheres treated with 40% sucrose solution (pH 6.5). Each pair of bars represents a 
comparison between a treatment and control. Bars superscribed by the same letter 
indicate no significant difference between treatment and control (P < 0.05, t-test) 
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Figure 8. Mean duration of feeding (sec.) of apple maggot females on spheres 
overlaid with 40% sucrose and 60% latex paint at various pH values vs. Control 
spheres treated with 40% sucrose solution (pH 6.5). Bars superscribed by the same 
letter indicate no significant difference from one another according to LSD 
pairwise comparisons of means (P < 0.05, F = 395) 
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Figure 9. Propensity of apple maggot females to accept treated spheres at three 
levels of sucrose concentration at various pH values. A star beneath a value 
indicates that it is significantly different from the other two values at the same pH 
(ANOVA/LSD, P < 0.05) 
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Figure 10. Propensity of apple maggot females vs. Males to accept (for feeding) 
spheres overlaid with 8% sucrose and 92% latex paint at various pH values. A star 
above a value indicates that it is significantly different from the other values at the 
same pH (P < 0.05, t-test) 
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CHAPTER 7 
PROGRESS IN DEVELOPMENT OF AN EFFECTIVE BEHAVIORAL 
TECHNOLOGY FOR CONTROLLING FRUIT FLIES (DIPTERA: 
TEPHRITIDAE) 
Conclusion 
We have developed a novel biodegradable device as a substitute for pesticide 
application for managing fruit flies. This device can endure natural weather factors and 
provide effective release of an insect feeding stimulant (sugar) and a toxicant for at least 
11 weeks. This was accomplished by creating a polysaccharide spherical matrix 
entrapping sugar and coating it with a mixture of insecticide encapsulated in latex paint. 
The polysaccharide spherical matrix consists of 40-50% sugar (dry weight) and serves 
as a sugar reservoir. This makes it possible to continuously supply feeding stimulant 
that elicits feeding by an alighting fly. The outer layer of the sphere consists of latex 
paint mixed with a small amount of insecticide, which is brushed onto the sphere. By 
so doing, the carbohydrate matrix can be macro-encapsulated, creating a device that will 
attract flies, cause arriving flies to feed, and subsequently kill the flies. Within the 
range of sugar concentrations tested here, the greater the amount of sugar entrapped in 
the matrix, the longer the residual activity of sugar on a sphere surface. Gloss latex 
paint as the outer layer provides better prevention against sphere cracking and longer 
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residual activity of insecticide than flat latex paint. Our findings with experiments on 
apple maggot flies constitute a significant advance over previously developed pesticide- 
treated red wooden spheres because the biodegradable spheres developed here provide 
much greater control of this fly after several weeks of exposure in an orchard and are 
free of maintenance after employment. Although the outer layer of latex paint prevents 
the carbohydrate matrix from cracking upon wetting and drying during the summer 
growing season, the device biodegrades eventually. This is because the polysaccharides 
serve as a readily available carbon source for microorganisms, which in addition to the 
physical forces of freezing and thawing during autumn, eventually cause the sphere to 
degrade. Apple growers would hang new spheres in an orchard at the start of each fly 
season (June). Our technology is not confined to use against apple maggot flies. Much 
of the information gained from our study could extend to other insect pests and pest 
control technology. 
The new nitroguanidine insecticide, imidacloprid, was highly effective against 
apple maggot flies in the laboratory but provided little control when applied to foliage 
in field tests. Among all the evaluated insecticides, imidacloprid is the most effective 
insecticide in killing R. pomonella females and is comparable to dimethoate in toxicity. 
A wettable powder formulation of imidacloprid proved better fly control than a flowable 
formulation, with a concentration of 1.5% A.I. being effective in terms of residual 
efficacy. Our results indicate that imidacloprid is a promising safe substitute for 
dimethoate as a fly killing agent and can be used in conjunction with latex paint that 
inhibits breakdown or disappearance of insecticide under sunlight or rainfall. Wooden 
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spheres coated with such a mixture achieved > 80% of fly kill (after retreatment with 
sucrose) even after weathering in an orchard for 3 months. 
Behavioral-modifying effects of imidacloprid on fruit flies can be as important 
as direct toxicity in contributing to the total value of imidacloprid in protecting fruit 
against insects. Our findings indicate that sugar/flour spheres containing the insecticide 
imidacloprid at 1.5% active ingredient in the surface coating of yellow latex paint are 
highly effective in immediately immobilizing C. capitata females that alight and feed 
upon them for at least 20 sec. Such females were essentially unable to forage within 
host plants and had a low propensity to lay eggs either minutes after or a day after 
exposure to spheres. 
The optimal pH of sucrose for eliciting feeding response of apple maggot flies in 
this study was about 6.4, particularly so when sucrose was at low concentrations (8%). 
Apple maggot flies can tolerate a relatively wide range of pH (5-8) when sucrose 
concentration is high (>24%). Male flies show greater response to variation in pH of 
sucrose than do females. 
A mixture of imidacloprid and red latex paint could be applied to sugar/flour 
spheres for directly suppressing or controlling fruit flies in the field. Towards this end, 
field evaluation of the effectiveness of lure-kill spheres compared with standard sticky 
spheres and conventional organophosphate sprays in providing fly control in 
commercial orchards needs to be conducted. In addition, sphere deployment patterns 
must be optimized before lure-kill spheres can be recommended with confidence as a 
replacement for organophosphate insecticidal sprays to protect apples against apple 
maggot flies. 
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